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1 PURPOSE

This calculation is a revision of a previous calculation (Ref. 7.5) that bears the same title and has
the document identifier BBAC00000-01717-0210-00006 REV 01. The purpose of this revision
is to remove TBV (to-be-verified) —4110 associated with the output files of the previous version
(Ref. 7.30). The purpose of this and the previous calculation is to generate source terms fora
representative boiling water reactor (BWR) spent nuclear fuel (SNF) assembly for the first one
million years after the SNF is discharged from the reactors. This calculation includes an
examination of several ways to represent BWR assemblies and operating conditions in SAS2H in
order to quantify the effects these representations may have on source terms. These source terms
provide information characterizing the neutron and gamma spectra in particles per second, the
decay heat in watts, and radionuclide inventories in curies. Source terms are generated for a
range of burnups and enrichments (see Table 2) that are representative of the waste stream and

stainless steel (SS) clad assemblies. During this revision, it was determined that the burnups
used for the computer runs of the previous revision were actually about 1.7% less than the stated,

or nominal, burnups. See Section 6.6 for a discussion of how to account for this effect before
using any source terms from this calculation. The source term due to the activation of corrosion
products deposited on the surfaces of the assembly from the coolant is also calculated.

The results of this calculation support many areas of the Monitored Geologic Repository (MGR),
which include thermal evaluation, radiation dose determination, radiological safety analyses,
surface and subsurface facility designs, and total system performance assessment. This includes
MGR items classified as Quality Level 1, for example, the Uncanistered Spent Nuclear Fuel
Disposal Container (Ref. 7.27, page 7). Therefore, this calculation is subject to the requirements
of the Quality Assurance Requirements and Description (Ref. 7.28). The performance of the
calculation and development of this document are carried out in accordance with AP-3.12Q,
Design Calculation and Analyses (Ref. 7.29).

2 METHOD

The SAS2H sequence in SCALE 4.3 is used to calculate the thermal and radiation source terms
for selected fuel assemblies as a function of assembly average burnup and cooling time. The
prime functional module of the SAS2H code sequence utilized is the ORIGEN-S code. This
code performs a point depletion and decay calculation of a selected fuel type with user-specified
irradiation conditions and decay times. The crud (activated corrosion products) source terms are
"determined via a simple spreadsheet calculation in Excel.

3 ASSUMPTIONS

3.1. Itis assumed that a single assembly can approximate various BWR assembly types, and
that the source terms generated will not be greatly affected by this approximation in
geometry. This assumption results in the path A and B representations for all assemblies
in this calculation being identical to a representative assembly. Information for a General
Electric (GE) 2/3 8X8 assembly is assumed to generate conservative source terms. This
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3.2.

3.3.

3.4.

3.5.

3.6.

(IHML), available operating data, and assembly hardware information. In the cases where
the data on the hardware is lacking in sufficient detail to model it in SAS2H, data from
other BWR assemblies are used to fill in a conservative manner. Different IHMLs can be
accounted for by adjusting the fuel length, which is calculated from the ITHML and the fuel
density. The basis for this adjustment is that source terms are known to be sensitive to
initial uranium loading and burnup (Ref. 7.3), but they are expected to be much less
sensitive to variations in fuel transverse dimensions. This assumption is to be confirmed
during a future sensitivity calculation concerning geometric representations in SAS2H.
This assumption is used throughout Section 5.

The channel of the stainless steel (SS) clad assemblies is assumed to be Zircaloy-4. This
assumption is corroborated by Ref. 7.2, which states that only the earliest versions of
BWR assemblies used SS channels (those for Dresden-1, Humboldt Bay, and Big Rock
Point), and that Zircaloy-4 became the standard material. Therefore, the SS clad
assemblies calculated in this report use a Zircaloy-4 channel. This assumption is used
throughout Section 5.

It is assumed that the flux scaling factors for the assembly hardware regions (bottom end-
fitting, plenum, and top end-fitting) are 1.5 times the values (Ref. 7.6, Table S.1, p. vi)
recommended by the U.S. Nuclear Regulatory Commission (NRC). The rationale is that
this assumption provides about 50% margin for the neutron-activated sources in the
hardware regions. This assumption is used in Section 5.2.

The clad/water rod (WR) material for SS assemblies is assumed to be SS348H. This
assumption is corroborated by information in Ref. 7.15, p. 2A-16. This assumption is
used in Section 5, Table 4.

The hardware parts of the BWR assembly described in Ref. 7.15, p. 2A-158, and used in
Table 5 (see footnote 5), are assumed. The rationale for this assumption is that fuel
assembly data are proprietary information and that the information in Ref. 7.15 is the best
available. Since a 50% margin is applied to the neutron flux scaling factors (Assumption
3.3) to account for the uncertainty in the information, this assumption will result in
conservative activation in the hardware regions. This assumption is used in Section 5,
Table 5.

It is assumed that the ANF 9x9 JP-4 assembly will generate the bounding crud (activated
corrosion products) source term and that the physical characteristics of the ANF 9x9 JP-4
assembly can be obtained from Ref. 7.2, p. 2A-24. Again, the rationale is that fuel
assembly data are proprietary and the information in Ref. 7.15 is the best available
technical data for this assembly. The rationale for using this assembly is that the crud
source is proportional to the surface area that is exposed to coolant. Since the ANF 9x9
JP-4 assembly has a larger surface area than the GE 8x8 assembly, it will generate a more
conservative (higher) crud source that will serve as the bounding crud source for the
representative BWR assembly. This assumption is used in Sections 5.2 and 5.4.4, and in
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4 USE OF COMPUTER SOFTWARE AND MODELS

4.1 SOFTWARE APPROVED FOR QA WORK
e Program Name: SCALE
e Version/Revision Number: 4.3 Hewlett Packard (HP) 9000 Version, HP-UX V10.20
e Computer Software Configuration Identifier (CSCI) Number: 30011 V4.3 (Ref. 7.1)
e Computer Type: Hewlett Packard 9000 Series

¢ Computer Processing Unit Name and Civilian Radioactive Waste Management System
(CRWMS) Management and Operating (M&O) Contractor Tag Number: ‘Bloom,’
CRWMS-M&O Tag 700887

The SAS2H computer code sequence of the SCALE V4.3 code system was developed to perform
depletion analyses to obtain radiation and heat generation sources of spent fuel to be used in
subsequent analyses. It is appropriate for this application, has been validated over the range it is
used, and was obtained from Software Configuration Management in accordance with the
appropriate procedures. The echo of the input files is contained in the *.cut files, which are listed
in Attachment XII and available in the CDs of Attachment VII. The *.cut files, which consist of
the input echoes and the final ORIGEN-S output, are sufficient to independently repeat the
calculation.

42 EXEMPT SOFTWARE

4.2.1 Excel

The Microsoft Excel 97 spreadsheet program is used to perform simple calculations as
documented in Section 5 of this calculation. The user-defined formulas, input, and results are
documented in sufficient detail in Section 5 to allow for independent repetition of the various
computations without recourse to the originator. This software is considered exempt from the
requirements of AP-SI1.1Q, Software Management (Ref. 7.31, Section 2.1.6).

4.2.2 Script Files
¢ Titles: neutrons, gammas, curies, watts

e Version/Revision Number: All are version 00
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e Computer Type: HP 9000 Series

The specific task of each script is noted in Table 1. The script files are provided in Attachments
VII and XI. They are executed with the ‘awk’ command by typing ‘awk —f (script file) (input

* cut file name) > (output file name). These files are intended for use only with the appropriate
* cut SAS2H/ORIGEN-S output files listed in Attachment XII. The output of the script files has
been verified by visual inspection. This software is considered exempt from the requirements of
AP-SL.1Q, Software Management (Ref. 7.31, Section 2.1.1).

Table 1.Script Files

File Name Function
neutrons Extracts the total (alpha-n plus spontaneous fission) neutron source table from a *.cut file
gammas Extracts the gamma source from the light element, actinide, and fission product contributions from a *.cy
watts Extracts the total thermal output from the light element, actinide, and fission product contributions from g
curies Extracts the tables of nuclide curies from a *.cut file for the light element, actinide, and fission product cq

5 CALCULATION

5.1 REVISION HISTORY

Several calculations have been performed to provide BWR SNF source terms for shielding and
thermal calculations. Ref. 7.3 was the first in a series of calculations to provide source terms, but
was limited to a handful of burnups and enrichments that represented the anticipated average and
bounding waste stream assemblies. The source terms represented only the first twenty-five years
after discharge from the reactor. In addition, only the ORIGEN-S module was used to burn and
decay the assembly. Ref. 7.4 replaced Ref. 7.3, and used the SAS2H/ORIGEN-S sequence to
calculate the burnup and decay of the assembly to 1 million years. Ref. 7.4 included a wide
range of burnups and enrichments, and the inclusion of a crud source. Reference 7.5 was a
revision of Ref. 7.4, and was intended to provide the most complete set of conservative source
terms for the SS clad and representative BWR assemblies in the expected waste stream. This
calculation is a revision of Ref. 7.5 to clear TBV-4110.

The last two revisions incorporate several changes. While it had been assumed in the previous
revision that increasing the fuel density slightly would have a negligible impact on the source
terms, this result was not verified by the calculations in Ref. 7.4, pp. 46 and 47. Therefore, in the
last two revisions, the fuel density for the waste stream is constant, and the fuel length is
calculated from the heavy metal loading (see Section 5.5.2.1). Secondly, SS clad assemblies are
included in this calculation. In addition, impurities are accounted for in the fuel, and the material
definitions are modified slightly to increase the amounts of those elements that contribute to the
source terms (particularly cobalt in steel). The number of enrichments and burnups (see Table 2)
were increased, as well as the number of time steps out to 1 million years (see Table 44). T he
sources provided are expanded to include the inventory in curies of 61 radionuclides of interest
(see Section 6.5). Calculations are performed to evaluate the effects of impurities in the fuel, and




the discussion of the ten axial node calculations is revised. Additional calculations are
performed to provide radionuclide inventories for screening purposes.

5.2 SELECTION OF CONSERVATIVE PARAMETERS

The inputs for this calculation are chosen to lead to conservative source terms. This section
discusses the main inputs and the reasons they are used. It covers several different parameters.
The first of these is the geometry for the waste stream and SS clad assemblies.

In this calculation, the geometry used to model the assemblies in SAS2H corresponds to a GE 2/3
fuel assembly. The GE 2/3 has a high uranium loading and a large amount of assembly
hardware, supporting more fission product generation and hardware activation. Therefore, this
assembly provides a conservative basis for the BWR waste stream. The GE 2/3 assembly IHML
is increased to 200 kg for the waste stream and SS clad assemblies to provide slightly higher
source intensities.

As mentioned in Section 5.1, additional heavy metal mass is accounted for by increasing the fuel .

length, rather than the fuel density. A longer active fuel length and a lower density rather than a
shorter fuel length and higher density decreases the fuel self-shielding. This results in a higher
flux and consequently to a higher source intensity. In this calculation the IHML of the waste
stream and SS clad assemblies is accounted for by the fuel length rather than the fuel density (see
Section 5.5.2.1).

The irradiation of the assembly hardware is calculated by inputting the desired amount of light
element material into the fuel region in SAS2H. When the sources are calculated, only the light
elements are included. The SS clad assemblies use waste stream files for the bottom and top
assembly regions. The hardware sources are calculated by irradiating the material in the fuel
region; scaling factors (SF) are used to account for the lower flux seen in the non-fuel regions of
the reactor. The SFs for the neutron flux, provided in Ref. 7.6, Table S.1, have an uncertainty of
+ 50%. To generate conservative source terms for the non-fuel regions of the BWR assembly,
the SFs used in this calculation represent 150% of those listed in Ref. 7.6, Table S.1, p.vi
(Assumption 3.3).

Consideration has also been given to the material definitions. The compositions of Inconel X-
750, Zircaloy-2 and -4, SS 304, and SS 348H are representative of materials used in the
manufacture of nuclear fuel assemblies. These compositions use the maximum amounts of
cobalt given by the references and a 0.08 wt% cobalt impurity (Ref. 7.7, p. 45) for the steels. The
composition for SS 348H given by Ref. 7.9, Table 1, includes a 0.2 wt% cobalt content. The
balance of the remaining elements are representative of the material compositions for each
material, but are biased towards the maximum amount of Sn, Ni, and Nb. Impurities are also
included in the fuel itself, and the concentrations are given in Table 13.

Not all the activation sources can be calculated with SAS2H. The source due to corrosion
material that accumulates on the surfaces of the assembly from the flow of coolant (crud) is also
calculated. A bounding crud source term is based on the Exxon ANF 9X9 JP-4 assembly
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(Assumption 3.6). This representation of the ANF 9X9 JP-4 does not use GE 2/3 dimensions.
The ANF 9X9 JP-4 has a greater surface area exposed to coolant, and the crud source is heavily
dependent on the available surface area. This dependence comes from the source being
calculated with a radioisotope activity density (Ci/cm?). Three estimates for radioisotope
densities are used, from three different sources (Ref. 7.10, 7.11, and 7.12). This calculation is
discussed in detail in Section 5.5.3.

The enrichments calculated range from 0.711 wt% (natural) to 5.5 wt% (the complete list is
shown in Table 2). This is done to cover the wide range seen in the waste stream and avoid the
need to extrapolate for information on assemblies currently being developed. The number of
time steps is increased to 180, providing more detailed information for the first 100 years after
SNEF is discharged from the reactors.

53 CALCULATION DESCRIPTION

This calculation uses SAS2H/ORIGEN-S to generate source terms for the BWR SNF. Due to the
variations between BWR assembly types, calculations are performed to justify a conservative
configuration in SAS2H with which to represent all BWR assemblies in the waste stream.
Sections 5.5.1.1 - 5.5.1.4 develop source terms for several variations of BWR assemblies -
covering a range of water rods (WRs), moderator density, and gadolinium doped rods (GDRs).
Section 5.5.1.5 presents the results of this parametric study. The configuration representing a
conservative combination of the number of WRs, GDRs, and thermal-hydraulic information is
used in Section 5.5.2 to generate two different representations of the assembly.

The first representation determined in Section 5.5.2 uses one node to describe the fuel region.
This is done for the waste stream, SS clad, and the thermal design basis fuel (DBF - the 3.74%,
48 GWJd/MTU case) assemblies. The combinations for which source terms are calculated are
shown in Table 2. The second representation divides the active fuel region into ten axial nodes.
The ten-node calculation covers only one assembly with a 5.05% initial enrichment, all the
burnups shown, and a 200 kg IHML. This is done to justify modeling a BWR assembly with one
axial region; large variations in moderator density with core height require some representative
density to be used for the whole core. An axial peaking factor (APF) is calculated from
information in Ref. 7.13, pp. 290-544, and is intended to be applied to the one-node calculation
results to compensate for under-predictions. Since the nodal burnup data from pp. 290-544 of
Ref. 7.19 (a revision of Ref. 7.13) are essentially identical to the data from Ref. 7.13 (differing
generally only in the 5™ significant digit), APFs based on either Ref. 7.13 or Ref. 7.19 will be
identical for design purposes. Section 6.1 shows a comparison of the ten-node and one-node
calculation with an APF. This demonstrates the use of the APF, and addresses concerns about
using a one-node representation of a BWR assembly to develop source terms.

The thermal DBF is used to illustrate the effect of fuel density on source terms. The waste
stream and SS clad assembly cases are calculated with a 200 kg ITHML. The thermal DBF is
calculated with both 170 and 200 kg IHML. For the thermal DBF, the extra metal is accounted
for by increasing the fuel density. As is seen in Section 6.2, the increased fuel density results in a
less conservative source. As mentioned in Section 5.2, the waste stream and SS clad assemblies



account for the higher IHML by increasing the fuel length rather than the density. It should be
noted that the cases comparing the one- and ten-node calculation, and the thermal DBF
calculations (see notes in Table 2) are unchanged from Ref. 7.4, and include none of the revisions |
noted in Section 5.1. These cases are not to be compared directly to the waste stream and SS

clad assemblies in this calculation.

Table 2.BWR Enrichments, Burnups, and IHMLs for Source Terms are Calculated'

Initial >>°U (Wt%) 0.711, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5*, 3.74, 4.0*, 4.5, 5.0, 5.05, 5.5
Initial Heavy Metal Mass (kg) 200%, 170
Final Assembly Average Burnup
(GWdJ/MTU) 0.001, 0.01, 0.1, 1%, 10*, 20*, 30*, 40*, 49, 50, 60, 70, 75

5.4 CALCULATION INPUTS

This section outlines the information used in the calculation of the source terms. Several
parameters are listed as calculated; the calculations of these parameters are shown in the tables or
in Section 5.5.

5.4.1 Physical Description of BWR Fuel Assembly

The physical characteristics of a GE 2/3 8X8 BWR fuel assembly are provided in Tables 3, 4,

and 5. Figure 1 presents a general drawing of a BWR assembly. This is the information required
to generate the SAS2H input files needed to create the BWR source terms. The number of digits
cited herein may be a result of a calculation or may reflect the input from another source;
consequently, the number of digits should not be interpreted as an indication of accuracy. |

Table 3.GE 2/3 8X8 BWR General Assembly Data

Assembly Parameter Value Units Reference
Total Number of Rod Positions 64 Jassembly Ref.7.19,p.5 |
Number of WRs 1,2,0r4 /assembly Ref. 7.19, pp. 5, 11 |
Number of Fueled Bumable Poison Rods 0-9 /assembly Ret. 7.19, p. 13 |
Gadolinium Enrichment in the Burnable Poison Rod{ 3.0-4.0 wi%
Channel Material | Zircaloy-4 NA*® Ref. 7.14, p. A-1 |

1. The parameters shown with an asterix are used for the SS clad assemblies. The entries in bold italics are used
only for the thermal DBF. The 5.05 wt% enrichment is used only for the comparison between the one- and ten-node
qalculations. The *.cut files for the 5.05 wt% are part of Ref. 7.26.
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Table 4.GE 2/3 8X8 BWR Assembly Dimensions

Assembly Parameter Value Units Value Units Reference
Clad/WR Material Zircaloy-2 NA NA NA
WR Outer Diameter (OD) 1.031 inches 26187 cm
WR Inner Diameter (ID) 0.967 inches 2.4561 cm
Channel Thickness 0.08-0.10 Inches 0.2032-0.254 cm
Cladding ID 0.419 inches 1.06426 cm
Cladding OD 0.483 inches | 1.2268 cm Ref.7.19,p. 5
Fuel Pellet OD 0.41 inches 1.0414 cm
Fuel Rod Pitch 0.64 inches 1.6256 cm
Channel Inner Dimension 5.278 inches 13.4061 cm
Fuel Assembly Pitch 6.0 inches 15.24 cm
Fuel Active Height 144 inches 365.76 cm Ref. 7.14, p. C-12
Fuel Channel Helght" 166.906 inches 423.941 cm Ref. 7.14, p. C-14
Bottom End Fitting Length4 5.28+1.48+0.625=7.385 inches 18.7579 cm
Fuel Rod Plenum Length 11.24 inches 28.5496 cm .
Top End Fitting Length® §.651085+0.84:0435 | inches | 222885 cm Ref.7.14, p. C-12
Total Assembly Length 171.40 inches 435.356 cm
Clad/WR Material’ SS 348H NA NA NA Assumption 3.4
Table 5.BWR Assembly Hardware
Region Reference Part Name Ib/Assembly kg/Assembly Material
Ref. 7.14, p. A-8 Tie plate 4.409 2.000 SS 304
Top Assumption 3.5 Compression sprind 1.279 0.580 Inconel X-750
Channel calculated calculated Zirc-4
Bottom Ref. 7.14, p. A-8 Tie plate 10516 4.770 SS 304
Calculated Channel calculated calculated calculated
Channel calculated calculated Zirc-4
Water rod calculated calculated Zirc-2 / SS 348H
Plenum Getters 1,360 0.617 S5 304
Ref. 7.14, p. A-8 Plenum spri 3 y B
prings .748 1.700 SS 304 (Inconel X-750)
Channel calculated calculated Zirc-4
Fuel Ref.7.14, p. A-8 Spacer grids” 4.299/0.717 1.950/0.325 Zirc-4 / Inconel X-750
Water rod calculated calculated Zirc-2 / SS 348H

3. Channel length for part 2 is used.

4. Axial dimensions are taken from a drawing in Ref. 7.14. Note that the plenum spring hardware is replaced with a

more conservative material, Inconel (Table 5, footnote 8).

5. The extra 0.435 inches is taken from the fact that the dimensions on the drawing do not add up to 171.40 inches;

to compensate for this, the top end fitting is adjusted to take on the extra length; because of the location, this will

have negligible impact.

6. Information is used for the SS clad assemblies.
7. Information for the compression springs is taken from Ref. 7.15, p. 2A-158, and is ori ginally given in kg.
8. Since SS304 was not the most stressing material, Inconel X-750 was substituted.




A/UCUILIAVIAY AVIVAAVARAWA § VWV VUV Avasrasw ~~—=— - — — - — ——

6.65in

! T”‘“" L

v 0.85in

IO.84 in
I1 1.24in

A
Spacer Grid
144 in
Fuel Rod i
100000000
Channel E ][

N[ S =

il .

'}
5.28 in

Lower Tie Plate

K\‘/ v 3 1375 |

H 0.625 in
i 1.48in A

Figure 1. BWR Assembly Drawing
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5.4.2 Operating Parameters

The parameters in this section, presented in Tables 6, 7, and 8 represent operating conditions for
a Quad Cities, Unit 2 assembly (C3 is used, however, the choice of assembly is arbitrary). Table
6 provides general information. Information in Table 7 is required to determine the moderator
temperature in Sections 5.5.1.3 and 5.5.2.2. The data in Table 8 (Ref. 7.13, pp. 333-334) are
used to determine moderator density profiles, power profiles, and burnups for the parameter
study, one- and ten-node comparison cases, and the thermal DBF calculations. The fuel
temperatures shown in Table 9 (Ref. 7.19, pp. 333-334) are an update of those given in Table 8
(Ref. 7.13, pp. 333-334). The newer fuel temperatures are used to calculate the average fuel
temperature (as done for the one-node calculations) for the waste stream and SS clad
calculations. Reference 7.19 is Revision 01 of Ref. 7.13 (Revision 00). It should be noted that
the ten-node water density data for assembly C3 from Ref. 7.19 are identical to the data from
7.13, and the ten-node burnup data for assembly C3 differ at most by one in the 5" significant
digit. Since the temperature data from Ref. 7.13 in Table 8 are not used for the waste stream and
SS clad source term calculations whose results may be used for other calculations such as waste
package shielding and thermal studies, the information from Ref. 7.13 can be considered
“reference only” in accordance with AP-3.15Q, Managing Technical Product Inputs (Ref. 7.33).
The results of calculations using information available only from Ref. 7.13 are used solely
internally to this document.

Table 6.Typical Assembly/Core Operating Parameters for the GE 8X8 Assembly

Parameter Value Units Reference
Number of Assemblies In Core 724 NA Ref.7.19,p. 4
Total Core Thermal Power 2511 MWth Ref.7.19,p.3
Average Assembly Power 2511/724=3.468 MW/assembly Calculated
Cladding Temperature 620 K Ref. 7.16, p. $2.6.12, Table S2.6.4
Operating Pressure 1020 psia Ref. 7.19, p.5

Table 7.Steam Table Information

Temperature (°C) Temperature (K) Pressure (bar) Pressure (psia) Reference
270 543.15 55.052 798.4617
280 553.15 64.191 931.0117
290 563.15 74.449 1079.7915 Ret.7.18, p. 81
300 573.15 85.917 1246.1207
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Table 8.Moderator Density, Fuel Temperature, and Burnup Profiles

Data

Point 4 5 6 7 8 9. 10 1 12 13
Node'® Water Density (g/cm®)
1 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396
2 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396 0.7396
3 0.6949 0.6926 0.6930 0.6914 0.6934 0.6957 0.6959 0.6983 0.6999 0.7004
4 0.5607 0.5634 0.5658 0.5714 0.5776 0.5838 0.5845 0.5904 0.5941 0.5957
5 0.4559 0.4610 0.4587 0.4700 0.4776 0.4852 0.4860 0.4935 0.4975 0.4993
6 0.3883 0.3901 0.3851 0.3982 0.4053 0.4127 0.4134 0.4202 0.4235 0.4253
7 0.3341 0.3290 0.3242 0.3362 0.3424 | 0.3498 | 0.3504 0.3560 0.3587 0.3602
8 0.2976 0.2858 0.2827 0.2919 0.2971 0.3046 0.3051 0.3098 0.3121 0.3134
9 0.2701 0.2525 0.2509 0.2566 0.2610 0.2668 | 0.2672 0.2712 0.2735 0.2749
10 0.2595 0.2392 0.2383 0.2421 0.2461 0.2512 0.2516 0.2552 0.2576 0.2590

Data

point 4 5 6 7 8 9 10 1 12 13

Node Fuel Temp. (K)
1 672.5 680.2 654.9 678.8 674.0 647.9 637.4 641.4 663.9 687.1
2 1050.0 1061.0 968.2 996.3 934.6 852.9 813.3 821.3 890.9 949.6
3 1248.3 1167.9 11414 1081.9 1006.6 945.0 890.7 900.5 993.7 1040.0
4 1258.2 1143.8 1252.1 1099.3 1035.0 987.4 958.1 966.6 1054.4 1058.9
5 12115 1142.8 1276.3 1133.7 1059.2 1006.2 1011.9 1018.5 1078.7 | 1065.3
6 11493 1151.8 1228.1 1171.9 1078.4 1019.6 1023.7 1030.9 1069.7 1067.2
7 1086.0 11524 11324 1192.7 1091.6 1052.9 1004.3 1014.0 1030.3 1050.1
8 1027.3 1130.5 1023.9 1166.2 1069.8 1095.1 963.0 969.7 960.5 995.8
9 884.2 986.1 885.8 1013.0 933.4 955.4 829.3 831.4 811.9 843.1
10 659.9 693.0 641.9 679.1 660.7 668.0 628.3 628.0 623.7 634.1

Data '

Point 4 5 6 7 8 9 10 1 12 13

Node Burnup (GWd/MTU)
1 1.371 2.983 3.922 5.898 6.786 7.372 7.415 7.875 8.51 9.208
2 5.934 12.616 16.625 23.845 26.747 28.687 28.826 30.292 32.301 34.43
3 8.332 16.304 22.009 30.642 34.1 36.647 36.829 38.738 41.37 43.992
4 8.451 16.235 23.025 31.945 35.622 38.45 38.669 40.946 43.946 46.671
5 7.887 15.657 22.684 32.173 36.037 38.99 39.238 41.805 44,952 47.712
6 7.135 15.025 21.58 31.700 35.713 38.753 39.008 41.644 44.737 47.502
7 6.369 14,268 19.885 30.347 34.462 37.722 37.966 40.509 43.363 46.039
8 5.66 13.267 17.821 27.846 31.792 35.331 35.553 37.848 40.279 42.659
9 3.929 9.611 12.811 20.304 23.195 25.81 25.959 27.48 29.01 30.558
10 1.219 3.001 3.812 5.793 6.578 7.297 7.335 7.72 8.111 8.52

Additional information regarding the final nodal burnup for all the assemblies included in Ref.
7.13 (pp. 290-544) is also used in this calculation. Due to the amount of information, itis
presented in Attachment IIl. This information is used to generate Figure 6.
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Table 9.Updated Fuel Temperature Profiles

Data

Point 4 5 6 7 8 9 10 11 12 13

Node Fuel Temp. (K)
1 634.9 640.3 622.7 639.3 636 617.8 610.7 613.4 628.9 645.3
2 954.1 963.5 873.9 899.6 842.6 772.5 740.3 746.8 804.5 856.2
3 1116.6 982.1 967.5 914.8 853 805.8 766.4 773.4 843 879.9
4 1079 969.2 1073 929.7 875.8 838 815.7 822.1 891.8 895.5
5 1032.7 968.2 1097.5 960.1 895.7 852.7 857.2 862.5 912.1 900.8
6 974.3 976.4 1049.1 995.1 911.8 863.4 866.7 872.4 904.5 902.4
7 918.4 977 959.3 1014.5 923.1 890.7 851.2 858.9 872.1 888.2
8 869.7 957.2 867.1 989.8 904.6 926.2 819.4 824.5 817.6 844.7
9 763.3 839.7 764.2 860.8 798.9 815.5 725.1 726.6 713.5 734.7
10 618.8 638.1 608.3 629.9 619.2 623.5 600.6 600.4 598 603.9

Also required for this calculation is the height of each node in the active fuel region. This
information is shown in Table 10.

Table 10. Node Heights"'

Node 1 2 3 4 5 6 7 8 9 10

Height (cm) | 15.24 30.48 30.48 45.72 30.48 45.72 45.72 45.72 64.11 15.24

11. The dimensions of the nodes shown in Table 10 (Ref. 7.13, p. 15, Fuel Type 9) do not represent all of the
assemblv tvoes listed in Ref. 7.13. Fuel assemblies E-M use a slightly different node description, with nodes 9 and
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Table 11 details information taken from Ref. 7.13, Table 3-8, p. 18 or from Ref. 7.19, Table 3-8,
p. 18. This table lists the information on the data points (DP) and state points (SP) for which
thermal hydraulic data are given in Ref. 7.13 and Ref. 7.19. The effective full power days
(EFPD) are used along with the thermal hydraulic information to determine average values for
the SAS2H input.

Table 11. Data Point and State Point Information
DP Cycle Cycle Position Burnup EFPD
DP1 9 BOC'© 0 0
DP2 9 Moc'® 2085.9 MWd/STU' 167.47
9 goc” 6212.4 MWJ/STU 348.44
DP3 10 BOC 0 0
DP4 10 MOC 3985.1 MWJ/STU 222,47
10 EOC 8374.1 MWd/STU 467.48
DP5 1 BOC 0 0
DP6 11 MOC 3554.16 MWd/MTU 180.3
1 EOC 9544.11 MWA/MTU 484.2
DP7 12 BOC 0 0
DP8 12 MOC 2820.04 MWd/MTU ] 1422
12 EOC 5229.25 MWd/MTU 263.7
SP9 13 BOC 0 [
SP10 13 MOC 201.61 MWd/MTU 10.1
SP11 13 MOC 2257.20 MWd/MTU 112.94
DP12 13 MOC 4484.31 MWd/MTU 224.4
SP13 13 MOC 6489.46 MWA/MTU 324.73
13 EOC 7735.18 MWd/MTU 387.07
SP14 14 BOC 0 0
DP15 14 MOC 1878.65 MWd/MTU 93.56
SP16 14 MOC 4238.45 MWd/MTU 211.09

12. BOC - Beginning of cycle
13. MOC - Middle of cycle
14. STU - Short ton uranium
15. EOC - End of cycle
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5.4.3 Material Specifications

Table 12 describes the hardware materials used in this analysis. The atomic weights and isotopic
abundances required to specify the fuel are given in Table 13. Table 14 provides a list of
impurities that are included in the fuel composition. The compositions of the fuel rods and the
GDRs are calculated in Sections 5.5.1.2 and 5.5.2.1.

Table 12. Chemical Compositions of Materials Used in SAS2H Calculations
Material Element Symbol wt% Reference

Oxygen O 0.12
Chromium Cr 0.1
lron Fe 0.2

Zircaloy-2 Nickel Ni 0.08 Ref. 7.8, Table 2 |
Tin Sn 1.7
Zirconium Zr 97.8
Density | 6.56 giem®
Oxygen (o) 0.12
Chromium Cr 0.1 .
Iron Fe 0.2

Zircaloy-4 . o 7 Ref. 7.8, Table 2 |
Zirconium Zr 97.88
Density | 6.56 g/em®
Nickel Ni 70.23
Chromium Cr 15

. | tron Fe 8

Niobium Nb 1
Titanium Ti 24

Inconel X-750 Aluminum A 97 Ret. 7.20, p. 11 |
Cobalt Co 1
Manganese Mn 0.8
Silicon Si 04
Copper Cu 0.4
Carbon C 0.06
Sulfur S ) 0.01
Carbon [+ 0.08
Manganese Mn 2
Phosphorus P 0.045
Sulfur S 0.03

SS 304 Silicon Si 0.7 Ref. 7.32, SEC IIA, SA 240, Tq| |
Chromium Cr 19
Nickel Ni 10.42
Cobalt'’ Co 0.08
Nitrogen N 0.1
iron Fe 67.495




Document 1dentitier: VUU-UUC-MUKU-UULUU-UUU-UUA A GgLve wyu v vy

Table 12. Chemical Compositions of Materials Used in SAS2H Calculations (Continued)

Material Element Symbol wt% Reference -
Carbon C 0.07
Manganese Mn 2
Silicon Si 1
Chromium Cr 18
Nickel Ni 13
SS 348H Phosphorus P 0.045 Ref. 7.9, Table 1
Sulfur S ] 0.03
Cobalt Co 0.2
Niobium Nb 1
Tantalum Ta 0.1
iron Fe 64.555
Table 13. Atomic Weights and Abundances Used in Fuel Material Calculations'®
Element/Isotope Atomic Weight Abundance (%)
Oxygen 15.9994 -
Kl 234.0409 -
K 235.0439 -
K 236.0456 -
(20 238.0508 -
[ 2Gd 151.9197 0.2
[ ™Gd 153.9208 2.18
[ ™5Gd 154.9226 14.8
[ Gd 155.9221 20.47
[Gd 156.9239 15.65
Gd 157.9241 24.84
BGd 159.9270 21.86

The concentrations of element impurities in fresh light water reactor fuel, in parts of element per
million parts of heavy metal (ppm), are provided in Table 14. These values are provided by Ref.
7.7, Table 5.4, and reflect actual measured concentrations instead of the maximum allowable
concentrations given in purity specifications.
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Table 14. Nonactinide Composition of UO,
Element Concentration (ppm) Element Concentration (ppm) l

Li 1.0 Mn 1.7
B 1.0 Fe 18.0
[¢] 89.4 Co 1.0
N 25.0 Ni 24.0
F 10.7 Cu 1.0
Na 15.0 Zn 40.3
Mg 2.0 Mo 10.0
Al . 16.7 Ag 0.1
Si 121 Ccd 25.0
P 35.0 In 2.0
Cl 5.3 Sn 4.0
Ca 2.0 w 2.0
Ti 1.0 Pb 10
\ 3.0 Bi 0.4
Cr 4.0

54.4 Crud Source Inputs \

In addition to the source terms for an assembly based on the actinides, fission products, and
activated light elements, it is also necessary to estimate the source due to the activated corrosion
products from the coolant deposited on the surfaces of the assembly (crud). These surfaces

include all the areas of the assembly exposed to the flow of coolant. A bounding estimate of the
BWR assembly surface area is based on an ANF 9x9 JP-4 assembly (Assumption 3.6), which has l
79 fuel rods and two WRs. The information for this assembly is used due to the large array size
and fuel rod size that provides a more conservative estimate of the surface area. The fuel rods for
this assembly have a 0.424-inch (1.077-cm) outside diameter (OD) and a length of 163.84 inches
(416.15 cm) (Ref. 7.2, p. 2A-24). Information on the size of the WRs is not included in this
reference, so they are conservatively estimated to have an OD equivalent to the fuel rod pitch.

Both the inner and outer surface areas of the WRs are included in the estimation of the surface

area of the assembly (the WR clad is assumed to have a negligible thickness to ensure
conservatism). The inner surface area of the assembly channel is also included. The channel
dimensions used for calculating the surface area for crud buildup are a width of 5.44 inches
(13.8176 cm) (Ref. 7.2, p. 2A-24) and a 0.08-inch (0.2032-cm) thickness (see Table 4). |

Three estimates are used for the radioisotope activity density used in calculating crud sources.
These are summarized in Table 15. The first estimate is from the Nuclear Regulatory
Commission (NRC) NUREG-1567 (Ref. 7.10, Table 9.2) and is due solely to %9Co. The second
estimate from Ref. 7.11, p. 15, is also for %Co and agrees with the NRC value. The third
estimate is from Ref. 7.12, Table 2. This estimate has activities for eight radionuclides and is
included in this calculation for information purposes only. It is recommended that the NRC
value be used for crud activity. The reason is that the 9Co activity from the NRC agrees with
that from Ref. 7.11 and is nearly three times that from Ref. 7.12. Emitting two very energetic
photons and some beta particles, %Co is the most dominant isotope for crud. Since other
radionuclides in Table 15 either have shorter half-lives or emit much lower intensity radiation,
they become insignificant by the time the SNF arrives at the potential repository.
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Table 15. Radioisotope Activity Densities and Half Lives Used in Crud Source Calculations
Radioisotopes Half Life (years) Activity Density (Cilcsz Reference
[®Co. 5.2710 1.254E-03 7.10, Table 9.2
[®Co 5.2710 1.25E-03 7.11,p 15
5Cr 0.0758 3.50E-05
SMn 0.8545 1.72E-04
Fo 2.7300 7.42E-03
Co 0.1941 4.50E-05
®Feo 0.1219 7.20E-05 7.12, Table 2
[¥Co 5.2710 4.77E-04
Ni 100.00 0.00E+00
n 0.6675 7.30E-05
r 0.1753 , 5.80E-05

5.5 CALCULATION

5.5.1 Parameter Study

Calculations are done to compare the possible combinations of WRs and GDRs in order to
quantify the differences between the assembly types. For the purpose of determining a
conservative configuration, one node of the active fuel region is modeled, and assembly hardware
other than the WR and the channel is not included. The 44groupndf5 cross section library is used.
The 'skipcellwt' and 'skipshipdata’ shielding calculation options are skipped because the
shielding sequence of SAS2H is unqualified. The latticecell option is used.

5.5.1.1 Path A and B Descriptions

SAS2H requires two geometric descriptions to be input. The path A description represents the
fuel and moderator cell, and is used to generate cross sections that represent the fuel, clad, and
moderator. The dimensions used for the path A geometry are shown in Table 16.

Table 16. SAS2H PATH A Description for Parameter Study
Variable Name Value Used

Lattice type Square pitch

Pitch 1.6256 cm

Fuel OD 1.0643 cm

Mfuel 1

Nmod 3

Clad OD 1.2268 cm

Mciad 2

The second geometry description required is known as the path B and represents the entire

assembly. For this, parts of the assembly are represented with equivalent area concentric circles.
Danniea thara ara cavaral naccihilitiae far tha numhar af WR (GNRe and maderator densities for
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each assembly, comparison cases are examined in order to determine a conservative combination
to use for the source term generation. The combinations examined in this calculation are taken
from Ref. 7.17, pp. 50-55. The path B descriptions for these combinations are listed in Table 17.
Since these descriptions are used solely internally to this calculation to determine a conservative
configuration, the information taken from Ref. 7.17, can be used as “reference only.”

Table 17. SAS2H PATH B Descriptions for Parameter Study'®
Value Used
Variable 0 GDRs, 0 GDRs, 7 GDRs, 7 GDRs, 10 GDRs,
Name 2 WRs 4WRs Comment 2 WRs 4 WRs 4 WRs Comment
Path B #1 | Path B #2 Path B #4 Path B #6 | Path B #8
Mixes 7 7 6 6 6
WR - GDR
Radius, cm 1.06426 1.22805 0.53213 0.53213 0.53213
Mixes 4 4 2 2 2
WR clad Cladding
Radius, cm 1.2268 1.30935 0.61340 0.61340 0.613340
Mixes 3 3 3 3 3
In-channel moder In-cell moderator
Radius, cm 1.29704 1.83429 0.91715 0.91715 091715
Mixes 500 500 500 500 500
Homogenized fug—— Homogenized fuel
Radius, cm 7.33716 7.33716 2.72951 2.68513 2.24654
Mixes 4 4 4 4 4
Channel Channel material
Radius, cm 7.57331 7.57331 2.82015 277721 2.32358
Mixes 7 7 7 7 7
Bypass moderat Bypass, in-channe
Radius, cm 8.59824 8.59824 3.24983 3.24983 2.71900 )

These path B geometries are also shown in Figures 2 and 3. In addition to the above variations,
several moderator densities are examined. These are summarized in Table 18.

Table 18. Moderator Densities Used for Parameter Study
Density Description
1 Determined from core follow data from Ref. 7.13, for node 5. These cases use multiple cycles that vary the moderator
see Table 20 for this calculation.)
2 Full reference density - 0.7396 g/cm® (Ref. 7.13, Table 2-2, p. 5 or Ref. 7.19, Table 2-2, p.5)
3 Low density (similar to the outlet) - 0.2 g/cm®
4 Average density for all nodes and cycles (see Table 37) - 0.4435 g/em®
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The path B descriptions for the assemblies containing GDRs use the scheme shown in Figure 2.
The assemblies with WRs only are described by the scheme in Figure 3.

Bypass, in-channel, and WR
moderator cell, R

Channel material cell, Rs

In-cell moderator, Rs

Homogenized fuel and
moderator cell, R4

Cladding, R»

GDR, Ry

Figure 2.  Path B for SAS2H Calculations, Descriptions 4, 6, and 8

Bypass, in-channel, WR
moderator cell, Rg

Channel material cell, Rs

In-cell moderator, R;

Homogenized fuel and
moderator cell, R4

WR
cladding, R,

WR, R,

Figure 3. Path B for SAS2H Calculations, Descriptions 1 and 2
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5.5.1.2 Fuel Material Specifications

This calculation requires the description of six materials: regular fuel (with no gadolinium),
GDRs, cladding, in-channel moderator, bypass moderator, and channel material. The equations
used to determine the isotopic wt%s of these materials are shown below. The regular fuel rods
are specified with the standard composition UO,; only the breakdown of the uranium by isotope
is required as input (see Equations 1 through 3). For the GDRs, the wt%s of all the isotopes are
specified. This is done by first using the information calculated with Equations 1 through 3 (Ref.
7.34, p. 20), and then determining the molecular weights of gadolinium oxide (Gd,03) and UO;
with Equation 6 (by using the values determined with Equations 4 and 5). Equations 7 and 8
determine the weight fractions of uranium, gadolinium, and oxygen. From these weight
fractions, the isotopic wt% of the required isotopes of uranium and gadolinium are calculated
with Equations 9 - 11.

Wt % U 4, =0.0046* (Wt% U ,35) (Eq. 1)
Wt% U 5, =0.007731% (wt% U 55)" ™ (Eq. 2)
Wt% U g =100 — (W% U 5, + Wt% U 535 + Wt% U 156) (Eq. 3)
. uranium Wt%
(1/ molecular weight) =0.01* Z _— (Eq. 4)
T\ atomic weight ),
(1/ molecular weight)® ™" =0.01* Z[————W—f‘—%——) (Eq. 5)
T\ atomic weight |,

(molecular weight) U0, or Gdy0, =

(# of U or Gd atoms) * (molecular weight) + (# of O atoms) * (atomic weight),_...

(Eq. 6)
. molecular weight, .. G4 erm

(weight fraction), ,, cq .m = #U or Gd atoms) * - (Eq.7)
molecular wezghtuoz or Gdy05

(weight fraction) .., =1- (weight fraction)y o, G4 sem (Eq. 8)

(Wt% Gd)P* = enrichment °™F * (wt% Gd), * (weight fraction) uimium (Eq.9)

(Wt% U)P® = (1 - enrichment ° ) * (wt% U), * (weight fraction), (Eq. 10)
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(Wt% 0)° =100~ [(wt% U), + (wt% Gd),]

(Eq. 11)

These calculations are shown in Attachment I, Worksheet 'parameter study.” The atomic weights
and isotopic abundances used in this calculation are summarized in Table 13. Node 5 of
assembly C3 (Ref. 7.13, Tables 3-3, 3-4, and 3-6 or Ref. 7.19, Tables 3-3, 3-4, and 3-6) is used in
the study of different combinations of GDRs and WRs. For this node, the fuel is 3.2 wt%
initially enriched in 2°U. The GDRs are 3.0 wt% enriched with gadolinium. Table 19 shows the
weight percentages of the isotopes as they are described in the SAS2H files.

Table 19. Waeight Percentages of Isotopes for Materials Defined in SAS2H for the Parameter
Study
Isotope lss/;tsozpto' Material
Identifier Fuel GDR Cladding Channel m;;;‘;’;’;g: M?:)c/i‘;?:tsor
o 8016 11.8536 11.8952 0.12 0.12 0.8888 0.8888
=4 92234 0.0240 0.0233 - - - -
=5y 92235 2.8207 27361 - - - -
ey 92236 0.0130 0.0126 - - - -
=8 92238 85.2887 82.7301 - - - -
%2Gd 64152 - 0.0052 - - - -
154Gd ‘| 64154 - 0.0567 - - - -
%5Gd 64155 - 0.3852 - - - -
*Gd 64156 - 0.5328 - - - -
“Gd 64157 - 0.4073 - - - -
159Gd 64158 - 0.6465 - - - -
1%0Gd 64160 - 0.5690 - - - -
H 1001 - - - - 0.1111 0.1111
Cr 24000 - - 0.10 0.10 - -
Fe 26000 - - 0.10 0.20 - -
Ni 28000 - - 0.05 - - -
Sn 50000 - - 1.40 1.40 - -
zr 40000 - - 98.23 98.18 - -
Density (g/em’)2° 9.9695 9.9695 6.56 6.56 Varied with cyc| 0.7396

Because SAS2H does not permit the modeling of the gas gap between the fuel and the cladding
for a central GDR, a smeared fuel density is used (the same approximation is made for the
regular fuel rods as well). This has a negligible effect on the calculation, and is a common
approximation. The smeared density is calculated from Equation 12:
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llet radius®
=% theoreticd density* I T .12)
psmeand ( 0 C ensn‘y pﬂm;rmcd) (cla d insi de n adiu SzJ (Eq

Yielding:

| 0.5207?
=(0.95) * (10.96 g/ cm®) *| ———— |=9.9695 g/ cm’®
Pimeared ( ) ( gircm ) (0'532132J gicm

5.5.1.3 Fuel Temperatures and Moderator Densities

The temperature of the cladding and channel is taken to be that of the cladding described in Table
6. This temperature is in the sample calculations for SAS2H in the SCALE manual. The fuel
temperature used for all parameter study cases is a cycle weighted average (see Table 20), and is
determined from the operating information presented in Tables 8 and 11. The EFPD used as a
weighting factor corresponds to the MOC. For BOC data points, the difference between the
EFPD given in Table 11 and the EFPD shown in Table 20 is simply the previous MOC value
subtracted from the BOC value.

It is also necessary to calculate a cycle weighted moderator density (referred to as 'density 4' in
Table 18), as well as moderator densities for each cycle (described as the 'density 1' case in Table
18). For the 'density 1' case, MOC values are used if possible; for cycle 13 an average is taken
over the MOC values.

Table 20. Average Fuel Temperature and Moderator Densities for Parameter Study?’
EFPD from -
EFPD | Fuel Temperature . 3 Moderator Densities for Each
DP Taibalye/s; 1 (days) K) Moderator Density (g/cm®) Cycle ( glcma)u
4 222.47 222.47 1211.5 0.4559 0.4559
5 467.48 245.01 1142.8 0.4610 i
6 180.3 180.3 1276.3 0.4587 0.4587
7 484.2 303.9 1133.7 0.4700 :
8 142.2 142.2 1059.2 0.4776 0.4776
9 263.7 121.5 1006.2 0.4852 }
10 10.1 10.1 1011.9 0.4860
11 112.94 102.84 1018.5 0.4935
12 5544 111.46 1078.7 0.4975 0.4964 (average over the values for th
13 324.73 100.33 1065.3 0.4993
Total 1540.11
Straight average 1100.4 0.4785
Weighted average over all cycles  |1129.2 0.4727
Z (EFPD, *(Temperature or density) ;)
weighted average = 2222 (Eq. 13)
Total EFPD

21. The fuel temperature and moderator density information in Table 20 correspond to node 5 of the C3 assembly of

la MNeend MVtinn cmnnbae (DAF T 12 Tahla A 141 e 222 224N



Document Identifier: 000-00C-MGRO-0U2U0U-UUU-UVA rage: 40 UL Jo

The moderator temperatures are determined from the operating pressure given in Table 6 and the
steam table information given in Table 7. The calculation is shown in Table 21.

Table 21. Moderator Temperature Calculation
Temperature (K) Pressure (psia)
553.15 931.0117
563.15 1079.7915

ATemperature

moderator temperture = temperature, + ( ) * (operating pressure— pressure, )

APressure
(Eq. 14)

563.15-553.15
1079.7915-931.0117

moderator temperature =553.15 + ( ) *(1020-931.0117)

moderator temperature = 559.13 K

5.5.1.4 Overall Assembly Input

As previously stated, for the purposes of this parameter study, one node is examined. The
selection of this node is arbitrary, and serves only to use uniform values for all the calculations.
Node 5 information is used. The overall assembly information for each geometry examined is
given in Table 22.

Table 22. SAS2H Assembly Input for Parameter Study
Variable Name Path B #1 Path B #2 Path B #4 Path B #6 Path B #8

Npin/assm 62 60 62 60 60
Fuelngth 30.48 30.48 30.48 30.48 30.48
Ncycles 4 4 4 4 4
Nlib/cyc 3 3 3 3 3
Printlevel 5 5 5 5 5
Inplevel 2 2 2 2 2
Asmpitch 15.24 15.24 15.24 15.24 15.24
Numxtotal 6 6 6 6 6
Mxrepeats 1 1 1 1 1
Mixmod 3 3 3 3 3
Facmesh 1.0 1.0 1.0 1.0 1.0

The parameter study cases use a similar irradiation history as node 5 of assembly C3 of the Quad
Cities reactor. The choice of this assembly is arbitrary, but is chosen because this assembly
reached a high burnup. The burnup information for this node is given below in Table 23. The
thermal-hydraulic information for this node is detailed in Tables 18, 20, and 21.
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Table 23. Burnup Information for Parameter Study
Uranium mass in node: 14.144 kg ’
BOC 11 BOC 12 BOC 13 EOC 13
Cumulative Node Burnup (GWd/MTU)™ | 15.657 32.173 38.990 49.301
Bumup for Cycle (MWd/MTU) 15657 16516 6817 10311
EFPD for Cycle 467.48 484.2 263.7 387.07
Nodal Power (MW) 0.4737 0.4825 0.3656 0.3768

5.5.1.5 Parameter Study Results

As noted in Ref. 7.21, p. 119, it is important to "obtain a good estimate of the time-averaged
moderator density at an axial location to best calculate spent fuel composition.” Ref. 7.21 makes

the following conclusions:

e Sensitivity to moderator changes appears to be close to linear for most of the nuclides.

e The actinides are most sensitive to changes in moderator density. Decreased moderator
density results in increased quantities of actinides, and vice versa. The density decrease
results in spectral hardening which in turn results in increased Pu production, and decreased
25U depletion due to increased Pu fission.

e Of the fission products, only 1499 m, 1%'Sm, and '3°Cs are sensitive to moderator density,
increasing quantities with decreasing moderator density, as the spectral hardening increases
Pu fission, which produces the Sm nuclides more rapidly than U fission.

This last conclusion is demonstrated in the results of the SAS2H calculations where the grams of

the mentioned isotopes are printed. This is shown in Table 24.

Table 24. Parameter Study Comparison of Fission Product Masses
Path B | Density®® | Isotope Grame
P 1 day 10 years 100 years | 1000 years |10,000 years 132';)[20

Sm' 0.0217 0.0339 0.0339 0.0339 0.0339 0.0339

2 Sm'™® 6.19 6.19 6.19 6.19 6.19 6.19

; Cs' 6.26 6.27 6.27 6.26 6.25 6.08
~ |sm'® 0.0316 0.0437 0.0437 0.0437 0.0437 0.0437

3 Sm'® 6.72 6.72 6.72 6.72 6.72 6.72

Cs'™® 7.83 7.84 7.84 7.84 7.81 7.60
Sm'? 0.0205 0.0330 0.0330 0.0330 0.0330 0.0330

2 Sm'® 6.17 6.17 6.17 6.17 6.17 6.17

8 Cs'® 6.19 6.19 6.19 6.19 6.17 6.00
Sm'? 0.0303 0.0427 0.0427 0.0427 0.0427 0.0427

3 Sm™® 6.75 6.75 6.75 6.75 6.75 6.75

Cs'™ 7.83 7.83 7.83 7.83 7.81 7.60

AnA AAa
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These conclusions are also shown in the results of the sample cases in this calculation, with the
lower outlet moderator density (at the top of the core) generating the highest source.

Tables 25 - 28 present the total gamma and neutron sources for the five BWR path B descriptions
with the moderator densities described in Table 18 and at different time steps. A normalization
of radiation sources to that obtained with density 1 of the moderator is provided in these tables to
address the influence of moderator density on the source terms provided by the different BWR
assemblies (or path B descriptions). There is little variation between the geometric models for a
given moderator density as is seen from the normalized results. The information in these tables
is calculated in Attachment V, Worksheet 'total.report(density)'.

Table 25. Comparison of Total Neutron and Gamma Sources for Different BWR Assemblies,
Moderator Density 1
Total Gamma Sources Over Time
Path B
Time (years) 1 2 4 6 8
0.00274 2.31E+16 2.33E+16 2.31E+16 2.33E+16 2.32E+16
10 1.14E+14 1.14E+14 1.14E+14 1.14E+14 1.14E+14
100 1.24E+13 1.23E+13 1.24E+13 1.23E+13 1.23E+13
1000 2.68E+11 2.56E+11 2.74E+11 2.59E+11 2.62E+11
10000 3.57E+10 3.63E+10 3.63E+10 3.66E+10 3.68E+10
100000 5.69E+09 5.51E+09 5.80E+09 5.56E+09 5.62E+09
Total Neutron Sources Over Time
Path B
Time (years) 1 2 4 6 8
0.00274 2.56E+07 2.70E+07 2.69E+07 2,79E+07 2.83E+07
10 1.26E+07 1.37E+07 -|1.33E+07 1.42E+07 1.43E+07
100 6.85E+05 7.35E+05 7.21E+05 7.60E+05 7.70E+05
1000 2.03E+05 2.19E+05 2.14E+05 2.27E+05 2.31E+05
10000 7.86E+04 8.40E+04 8.18E+04 8.65E+04 8.74E+04
100000 2.40E+04 2.52E+04 2.45E+04 2.56E+04 2.57E+04
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Table 26. Comparison of Total Neutron and Gamma Sources for Different BWR Assemblies,
Moderator Density 2
Total Gamma Sources Over Time

-nnf;a?;eirs) 2 4 8
0.00274 2.33E+16 2.35E+16 2.33E+16 2.35E+16 2.35E+16
10 1.14E+14 1.13E+14 1.13E+14 1.13E+14 1.13E+14
100 1.24E+13 1.23E+13 1.23E+13 1.23E+13 1.23E+13
1000 2.38E+11 2.29E+11 2.41E+11 2.31E+11 2.33E+11
10000 3.37E+10 3.45E+10 3.41E+10 3.47E+10 3.49E+10
100000 5.20E+09 5.05E+09 5.25E+09 5.09E+09 5.12E+09

Time (years) Percentage of Moderator Density 1 Results for Gammas
0.00274 101% 101% 101% 101% 101%
10 100% 100% 100% 100% 100%
100 99% 99% 99% 100% 99%
1000 89% 89% 88% 89% 89%
10000 95% 95% 94% 95% 95%
100000 91% 92% 90% 91% 91%

Total Neutron Sources Over Time

Tin?ea?;eBars) 2 4 8
0.00274 2.27E+07 2.41E+07 2.34E+07 2.46E+07 2.49E+07
10 1.11E+07 1.22E+07 1.15E+07 1.25E+07 1.26E+07
100 6.01E+05 6.47E+05 6.19E+05 6.63E+05 6.69E+05
1000 1.77E+05 1.91E+05 1.82E+05 1.96E+05 1.98E+05
10000 7.20E+04 7.67E+04 7.35E+04 7.81E+04 7.86E+04
100000 2.44E+04 2.55E+04 2.47E+04 2.58E+04 2.58E+04

Time (years) Parcentage of Moderator Density 1 Results for Neutrons
0.00274 89% 89% 87% 88% 88%
10 88% 89% 86% 88% 88%
100 88% 88% 86% 87% 87%
1000 87% 87% 85% 86% 86%
10000 92% 91% 90% 90% 90%
100000 102% 101% 101% 101% 101%
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Table 27. Comparison of Total Neutron and Gamma Sources for Different BWR Assemblies,
Moderator Density 3

Total Gamma Sources Over Time

- Path B 1 2 4 6 8
Time (years)
0.00274 2.32E+16 2.33E+16 2.33E+16 2.33E+16 2.33E+18
10 1.15E+14 1.15E+14 1.15E+14 1.15E+14 1.16E+14
100 1.25E+13 1.24E+13 1.25E+13 1.24E+13 1.24E+13
1000 3.08E+11 2.95E+11 3.26E+11 2.99E+11 3.05E+11
10000 3.79E+10 3.84E+10 3.90E+10 3.87E+10 3.91E+10
100000 6.35E+09 6.17E+09 6.68E+09 6.27E+09 6.38E+09
Time (years) Percentage of Moderator Density 1 Results for Gammas
0.00274 100% 100% 101% 100% 100%
10 101% 101% 101% 101% 101%
100 101% 101% 101% 101% 101%
1000 115% 115% 119% 115% 116%
10000 106% 106% 108% 106% 106%
100000 112% 112% 115% 113% 114%
Total Neutron Sources Over Time
_Path 8 1 2 4 6 8
Time (years)
0.00274 2.97E+07 3.15E+07 3.23E+07 3.29E+07 3.35E+07
10 1.49E+07 1.61E+07 1.62E+07 1.69E+07 1.72E+07
100 ) 8.17E+05 8.76E+05 8.96E+05 9.25E+05 9.42E+05
1000 2.45E+05 2.67E+05 2.72E+05 2.86E+05 2.93E+05
10000 9.00E+04 9.69E+04 9.79E+04 1.03E+05 1.05E+05
100000 2.36E+04 2.49E+04 2.45E+04 2.57E+04 2.59E+04
Time (years) Percentage of Moderator Density 1 Results for Neutrons
0.00274 116% 116% 120% 118% 118%
10 118% 118% 122% 119% 120%
100 119% 119% 124% 122% 122%
1000 121% 122% 128% 126% 127%
10000 115% 115% 120% 119% 120%
100000 98% 99% 100% 101% 101%
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Table 28. Comparison of Total Neutron and Gamma Sources for Different BWR Assemblies,
Moderator Density 4
Total Gamma Sources Over Time
: Path B o 4 s 8

Time (years) v
0.00274 2.32E+16 2.33E+16 2.32E+16 2.33E+16 2.33E+16
10 1.14E+14 1.14E+14 1.14E+14 1.14E+14 1.14E+14
100 1.24E+13 1.24E+13 1.24E+13 1.23E+13 1.23E+13
1000 2.74E+11 2.63E+11 2.82E+11 2.65E+11 2.69E+11
10000 3.61E+10 3.67E+10 3.67E+10 3.70E+10 3.72E+10
100000 5.77E+09 5.60E+09 5.90E+09 5.65E+09 5.71E+09

Time (years) Percentage of Moderator Density 1 Results for Gammas
0.00274 100% 100% 100% 100% 100%
10 100% 100% 100% 100% 100%
100 100% 100% 100% 100% 100%
1000 102% 102% 103% 102% 103%
10000 101% 101% 101% 101% 101%
100000 102% 102% 102% 102% 102%

Total Neutron Sources Over Time
Path B 2 4 6 8

Time (years)
0.00274 2.60E+07 2.75E+07 2.74E+07 2.84E+07 2.88E+07
10 1.29E+07 1.40E+07 1.36E+07 1.45E+07 1.47E+07
100 6.99E+05 7.50E+05 7.39E+05 7.77E+05 7.87E+05
1000 2.06E+05 2.23E+05 2.18E+05 2.32E+05 2.35E+05
10000 7.93E+04 8.48E+04 8.29E+04 8.75E+04 8.85E+04
100000 2.39E+04 2.51E+04 2.44E+04 2.55E+04 2.56E+04

Time (years) Percentage of Moderator Density 1 Results for Neutrons
0.00274 102% 102% 102% 102% 102%
10 102% 102% 103% 102% 102%
100 102% 102% 102% 102% 102%
1000 102% 102% 102% 102% 102%
10000 101% 101% 101% 101% 101%
100000 99% 100% 100% 100% 100%
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As shown in Table 29, the results from shielding calculations (Ref. 7.22, p. 19) for the dose on
the outside radial surface of a waste package indicate the neutron dose dominates on the 300 -
1000+ year time frame. At these times it represents 79 - 98% of the dose. At times greater than
30,000 years, the neutron dose on the surface of the waste package represents 5 - 6% of the total.

Table 29. Percentage of Surface Dose Due to Neutrons for the 21 PWR Waste Package™
. 5 10 50 100 300 1000 | 10,000 | 30,000
Region of the Waste Package Surface years | years | years | years | years | years | years years
Top section of the active fuel region 5% 8% 1% 9% 79% 96% 18% 5%
Middle section of the active fuel region 6% 9% 12% 10% 80% 97% 20% 6%
Bottom section of the active fuel region 5% 8% 11% 9% 79% 97% 18% 5%

Figure 4 and Figure 5 (generated in Attachment V, Worksheet Den4.%ofmodl.g") show the
neutron and gamma sources over time for the five path B descriptions (at density 4). The results
are shown relative to path B #1.
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Figure 4. Percentage Results for the Gamma Sources for the Various Path B Descriptions
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As seen in the Figure 4, all the assemblies are close to each other at early times, with those
containing the GDRs becoming less conservative in the 300 - 1000+ years time frame. However,
as time progresses, the GDR bearing assemblies again become more conservative. In all cases,
the results of all the assemblies are within a few percent of each other. The graph of the neutron
results (Figure 5; generated in Attachment V, Worksheet 'den4.%mod1n’) is much more straight
forward, with path B #8 yielding more conservative results, sometimes by as much as 14%. For
these reasons, path B #8 is used in the subsequent calculations.

115%
”’_, ar—«\ //
P /
e 3 ; B N N\ _
. i - - : pe
S Sl T & NN Z . :
i sl L
1% — LL =S N
=T 33— T .
H //,f I : :
. 7 i ,
109% A H Ci :
] N iy
: 4 = ] N i
L . NG L A
i y/ \
z 107% - - ok — S )
3 T H
N :
§ Tl R AR IR § 1V CPP TS R L/ W \\
[ bl feeesebericd T e S N
105% P N
A
"~
H H : .\
103% R —es—Model1! —e—Modol2 ---&--Modeld ; i :
—s—M0del 6 —w—Model8 ! RS
- — + 2
101%
90% ; : - :
0.001 0.01 0.1 1 10 100 1000 10000 100000
Time (years)

Figure 5. Percentage Results for the Neutron Sources for the Various Path B Descriptions
5.5.2 One- and Ten-Node Calculations

5.5.2.1 Material Specifications

The thermal DBF calculations use a fuel density determined from the IHML. (200 or 170 kg) and
the total fuel volume. This results in a density of 11.64 g/cm’® for the 200 kg loading and 9.89
g/cm’ for the 170 kg loading. These calculations are shown in Attachment I, worksheet 'density’.

The lower density yields a higher per MTU normalized source for both gammas and neutrons, as
chaum in Qartinn A 7 Racad an thece racnlte the canrce terms for the waste stream calculations



Document Identifier: 000-00C-MGR0-00200-000-00A Page: 30 01 58 |

of this calculation use a fuel length that has been increased to account for any additional loading
desired, with the fuel density kept at 9.9695 g/cm?’ for all cases (see Attachment I, Worksheet
'length calculation’). As done in Section 5.5.1.2, the fuel specifications are determined from
Equations 1 - 11. The calculations are performed in Attachment I, in Worksheets '5.5' through
'natural.’ The results are summarized in Table 30.

Table 30. Weight Percents for Fuel Rods and GDRs for All Enrichments
Weight % of All Isotopes in GDRs

Isotope

or 5.5 5.05 5.0 45 4.0 3.7 3.5 3.0 25 2.0 1.5 1.0 | Natural
Element
o 11,8983 |11.8977 |11.8976 |11.6960 |11.8963 |11.8959 |11.8956 |11.8950 |11.8943 [11.8937 {11.8930 |11.8923 |11.8920
24 0.0419 |0.0382 |0.0378 |0.0337 |0.0297 |0.0276 [0.0257 [0.0217 [0.0178 [0.0140 [0.0103 [0.0066 |0.0046
25 47024 |43177 |42750 |3.8475 |3.4200 |3.1977 [2.9926 [2.5651 [2.1376 |1.7101 [1.2826 [0.8550 |0.6079
=1 0.0216 10,0199 [0.0197 |0.0177 [0.0157 |0.0147 [0.0138 [0.0118 [0.0098 [0.0079 [0.0059 [0.0039 |0.0028
28 807330 [81.1238 |81.1672 |81.6014 |82.0355 |82.2613 |82.4696 |82.9037 (83.3377 [83.7717 [84.2056 [84.6393 (84.8900

182G 0.0052 |0.0052 |0.0052 |0.0052 [0.0052 [0.0052 [0.0052 [0.0052 [0.0052 [0.0052 |0.0052 . 10.0052 0.0052

18G4 0.0567 |0.0567 |0.0567 |0.0567 |0.0567 |0.0567 |0.0567 [0.0567 [0.0567 |0.0567 [0.0567 |0.0567 0.0567

1556

d 03852 03852 |0.3852 |0.3852 |0.3852 [0.3852 |0.3852 [0.3852 [0.3852 [0.3852 [0.3852 ]0.3852 |0.3852

156G

d 05328 05328 |05328 |0.5328 |0.5328 |0.5328 |0.5328 [0.5328 (0.5328 [0.5328 [0.5328 |0.5328 |0.5328

1574 04073 |0.4073 |0.4073 |0.4073 |0.4073 |0.4073 |0.4073 [0.4073 [0.4073 [0.4073 [0.4073 ]0.4073 ]0.4073

‘E.Gd

0.6465 |0.6465 |0.6465 |0.6465 |0.6465 |0.6465 |0.6465 |0.6465 [0.6465 [0.6465 [0.6465 |0.6465 |0.6465

IGOG

d 05690 105690 |0.5690 |0.5690 [0.5690 [0.5690 |0.5690 |0.5690 |0.5690 [0.5690 [0.5690 |0.5690 |0.5690

Weight % of Uranium [sotopes in Fuel Rods

Isotope | 5.5 5.05 5.0 4.5 4.0 3.7 3.5 3.0 25 2.0 15 1.0 | Natural

0.04904 [0.04471 |0.04423 |0.03946 |0.03473 |0.03229 [0.03005 |0.02543 [0.02087 |0.01639 [0.012  [0.00773 0.00534

234

U

25 55 5.05 5 45 4 3.74 35 3 25 2 15 1 0.711
8 0.0253 [0.02323 |0.023 |0.0207 |0.0184 [0.0172 |0.0161 [0.0138 [0.0115 [0.0092 [0.0069 [0.0046 0.00327
z8) 94.4057 |94.8821 |94.9328 |95.4398 |95.0469 [96.2105 |96.4539 |96.9608 [97.4676 |97.9744 |98.4811 |98.9877 (99.2804

The next parameters calculated are the light element masses to be irradiated by SAS2H,
representing the assembly hardware. The first step is to determine the channel mass using

Equation 15 and the information from Tables 4 and 5.
Channel mass = channel height *

(channel outside width® — channel inside widthz)* channel density (Eq. 15)

= 38.597 kg
The calculated channel mass is higher than any of the available reference values, and is therefore
used. This is done to include as much tin, a gamma source for shorter cooling times, in the
model as possible. Using this value, and the information in Table 4, the mass of channel in each
region is calculated, as shown in Table 31, along with the mass of WR in the fuel and plenum
regions. These calculations are shown in Attachment 11, Worksheet 'compositions’, cells F9, H9,
19, N9, P9, and J9.
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Table 31. Calculation of WR and Channel Mass in Different Assembly Regions
Description (Eq. 16) Result: Mass (kq)
ength intop region
Mass of channel in top end fittind mass = g PTe8 * channel mass 0.9949
\ channel length
(length in bottom region
Mass of channel in bottom end fil mass = * channel mass | 06512
\  channel length
(length in plenum region
Mass of channel! in plenum regio| mass = * channel mass | 2.6754
\ channel length
length in fuel region
Mass of channel in fuel region | mass = A Ju g * channel mass 34.276
channel length
length in fuel region
Mass of WR in fuel region>> mass = 8 fu 8 *WR mass 3.1099
water rod length
length in plenum regio
g p g 0.2428

Mass of water rod in plenum reg‘

mass=(

" |*WR mass
water rod length

The masses of the hardware shown in Tables 5 and 31 are multiplied by the weight fractions of
the constituent elements that compose the material. The calculation for the thermal DBF is
performed in Attachment II, Worksheet 'compositions'. The light element calculations for the
waste stream and the SS clad assemblies are performed in Worksheets '811.compositions’ and
'811.ssclad.compositions,’' respectively. The resultant elemental mass is then multiplied by the
appropriate scaling factor for a GE assembly (Ref. 7.6, Table S.1, p. vi) to account for the
hardware's location in the assembly. These results are shown in Tables 32 and 33. The
calculations are performed in Attachment II, Worksheet "Table 5.3.2.1-2' for the thermal DBF,
'811 lite.el.tables' for the waste stream, and '811.ssclad.lite.el.tables' for the stainless steel clad
assemblies, using results taken from the "*compositions' Worksheets mentioned earlier.
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Table 32. Light Element Masses Used for the Thermal DBF and One-Node Comparison Case?
Top End Fitting Region Plenum Region Fuel Region Masses Bottom End Fitting
Element Masses (kg) Masses (kg) (kg) Region Masses (kg)
SF: 0.150 SF: 0.300 SF: 1.000 SF: 0.225
Thermal | One-Node | Thermal | One-Node | Thermal | One-Node [ Thermal | One-Node
DBF Case DBF Case DBF Case DBF Case

O 0.0002 0.0002 0.0022 0.0022 0.0977 0.0977 0.0002 0.0002

Al 0.0006 0.0006 0.0036 0.0036 0.0023 0.0023 0.0000 0.0000

C 0.0003 0.0003 0.0005 0.0005 0.0002 0.0002 0.0009 0.0009
Co 0.0009 0.0011 0.0051 0.0053 0.0033 0.0033 0.0000 0.0009
Cr 0.0702 0.0702 0.1135 0.1135 0.1302 0.1302 0.2041 0.2041
Cu 0.0003 0.0003 0.0020 0.0020 0.0013 0.0013 0.0000 0.0000
Fe 0.2135 0.2135 0.1708 0.1707 0.1468 0.1437 0.7381 0.7381
Mn 0.0067 0.0067 0.0078 0.0078 0.0026 0.0026 0.0215 0.0215
Nb 0.0009 0.0009 0.0051 0.0051 0.0033 0.0033 0.0000 0.0000

N 0.0003 0.0003 0.0002 0.0002 0.0000 0.0000 0.0011 0.0011

Ni 0.0888 0.0886 0.3758 0.3757 0.2495 0.2510 0.0993 0.0984

P 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000 0.0005 0.0005

S 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000 0.0003 0.0003

Si 0.0026 0.0026 0.0034 0.0034 0.0013 0.0013 0.0080 0.0080
Sn 0.0021 0.0021 0.0261 0.0261 1.1402 1.1402 0.0021 0.0021

Ti 0.0021 0.0021 0.0122 0.0122 0.0078 0.0078 0.0000 0.0000
Zr 0.1465 0.1465 1.8280 1.8281 79.9798 79.9814 0.1439 0.1439

27. These are the light element masses calculated in Ref. 7.4, Table 5.3.2.1-1.2. They do not contain any fuel ]

- B DU N P e S
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Table 33. Light Element Masses Used for the Waste Stream and SS Assemblies®
Waste Stream SS Clad
Top End Fitting | Bottom End
Fuel Region | Plenum Region | Region Masses | Fitting Region Fuel Region | Plenum Region
Masses (kg) Masses (kg) (kg) Masses (kg) Masses (kg) Masses (kg)
Element SF: 1.000 SF: 0.300 SF: 0.150 SF: 0.225 SF: 1.000 SF: 0.300
Ag 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Al 0.0056 0.0036 0.0006 0.0000 0.0056 0.0036
B 0.0002 0.0000 0.0000 0.0000 0.0002 0.0000
Bi 0.0001 0.0000 0.0000 0.0000 0.0001 0.0000
C 0.0181 0.0005 0.0003 0.0009 0.0569 0.0014
Ca 0.0004 0.0000 0.0000 0.0000 0.0004 0.0000
Cd 0.0050 0.0000 0.0000 0.0000 0.0050 0.0000
Cl 0.0011 0.0000 0.0000 0.0000 0.0011 0.0000
Co 0.0035 0.0053 0.0011 0.0009 0.1142 0.0078
Cr 0.1310 0.1135 0.0702 0.2041 10.0483 0.3458
Cu 0.0015 0.0020 0.0003 0.0000 0.0015 0.0020
F 0.0021 0.0000 0.0000 0.0000 0.0021 0.0000
Fe 0.1925 0.1695 0.2097 0.7247 35.8316 1.0040
n 0.0004 0.0000 0.0000 0.0000 0.0004 0.0000
L| 0.0002 0.0000 0.0000 0.0000 0.0002 0.0000
Mg 0.0004 0.0000 0.0000 0.0000 0.0004 0.0000
Mn 0.0029 0.0078 0.0067 0.0215 1.1098 0.0337
Mo 0.0020 0.0000 0.0000 0.0000 0.0020 0.0000
N 0.0050 0.0002 0.0003 0.0011 0.0050 0.0002
Na 0.0030 0.0000 0.0000 0.0000 0.0030 0.0000
Nb 0.0033 0.0051 0.0009 0.0000 0.5568 0.0181
Ni 0.2694 0.3783 0.0924 0.1118 7.4284 0.5459
[o] 27.3704 0.0022 0.0002 0.0002 27.3135 0.0010
P 0.0070 0.0001 0.0001 0.0005 0.0319 0.0007
Pb 0.0002 0.0000 0.0000 0.0000 0.0002 0.0000
S 0.0000 0.0001 0.0001 0.0003 0.0166 0.0005
Si 0.0037 0.0034 0.0026 0.0080 0.5572 0.0164
Sn 1.3853 0.0317 0.0025 0.0025 0.6166 0.0137
Ta 0.0000 0.0000 0.0000 0.0000 0.0553 0.0013
Ti 0.0080 0.0122 0.0021 0.0000 0.0080 0.0122
\ 0.0006 0.0000 0.0000 0.0000 0.0006 0.0000
w 0.0004 0.0000 0.0000 0.0000 0.0004 0.0000
Zn 0.0081 0.0000 0.0000 0.0000 0.0081 0.0000
Zr 79.6784 1.8211 0.1461 0.1434 35.4577 0.7856

As noted previously, there are seven spacer grids in the core. To evaluate the effect of these
grids on the peaking factor determined in this calculation, the spacer grids are accounted for in
the ten-node representation. This is done by determining which nodes the grids fall into (from
the locations given in Ref. 7.14, p. A-8 and the node heights given in Table 10), and irradiating
the material via the light element option in SAS2H, along with the channel and cladding
material. The node fraction information is calculated in Attachment II, Worksheet 'ten node’,
cells I1 - S6, and is shown in Table 34. The fuel region light elements are shown on this
worksheet in cells A4 - H25, with the final light element calculations performed in cells A26 -
S120. The results are summarized in Table 35.
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Table 34. Calculation of Node Fraction of Whole Active Fuel Height
Node: 1 2 3 4 5 6 7 8 9 10
Height (inches) 6 18 30 48 60 78 96 114 139.24 | 145.24
Percentage of Spacer Grj 0 69.231 | 30.769 | 100 100 61.538 | 38.46 +6| 30.769 | 200 0

Percentage of Channel a| 4.14 8.28 8.28 124 8.28 124 124 124 17.4 4.14

Table 35. Light Element Masses for Ten-Node Representation of the Active Fuel Region
Element Light Element Masses (kg)
hode1 | node2 | node3 | noded4 | node5 | node6 | node7 | node8 | node9 [ node 10

[s) 0.0039 __ |0.0081 0.0080 |0.0122 _ [0.0082 _ [0.0120 _ [0.0122  {0.0119  [0.0173  ]0.0039
Al 0.0000 __|0.0002 _ |0.0001 _ [0.0003__ [0.0003 _ |0.0002  [0.0004 _ [0.0001  ]0.0007 __]0.0000
C 0.0000 __|0.0000 __ |0.0000 __ [0.0000 __[0.0000 _ |0.0000 _ {0.0000 _ {0.0000 __]0.0001 0.0000
Co 0.0000 _|0.0003___[0.0001 _|0.0005 _ {0.0005  [0.0003 _ |0.0005  }0.0001 0.0009 _ [0.0000
Cr 0.0033 __ |0.0116__ [0.0088 __ [0.0171 __ |0.0138  [0.0143 _ 10.0177 _ }0.0121 0.0283 __ |0.0033
Cu 0.0000 __ |0.0001 0.0001 _ [0.0002 _ [0.0002  [0.0001 0.0002___[0.0001 __[0.0004 _ ]0.0000
Fe 0.0048 _ |0.0126 _ |0.0110 _ [0.0188  [0.0139 _ [0.0171 _ |0.0191 0.0158 __ [0.0289  |0.0048
Mn 0.0000 __|0.0003 __|0.0001 __ |0.0004 __ [0.0004___ [0.0002  ]0.0004 _ [0.0001 _ 0.0007 __ 10.0000
Nb 0.0000 ]0.0003 _ |0.0001 __ [0.0005___[0.0005__ [0.0003  [0.0005 _ [0.0001  ]0.0009 _ 0.0000
N 0.0000 __]0.0000 __|0.0000 __]0.0000 __ [0.0000___ [0.0000 _ [0.0000 _ [0.0000 _ {0.0000 _ ]0.0000
Ni 0.0009  ]0.0243 __ |0.0118 _ |0.0352__ [0.0344 __ |0.0227  10.0378 _ [0.0127 _ {0.0689  |0.0009
P 0.0000 _]0.0000 __ }0.0000 _ |0.0000 __[0.0000__ [0.0000  ]0.0000 _ [0.0000 _ [0.0000 _ 10.0000
3 0.0000 __|0.0000 __ ]0.0000 _ |0.0000 __ [0.0000 _ |0.0000  [0.0000 _ [0.0000 _ [0.0000 _ }0.0000
Si 0.0000 __ 0.0001 0.0001 0.0002 _ |0.0002 _ |0.0001 __ [0.0002  [0.0001  0.0004 __|0.0000
Sn 0.0461  |0.0948 10,0933 __ |0.1420 _ [0.0960 __ |0.1405  [0.1423 _ |0.1394  |0.2015 _ |0.0461
Ti 0.0000 __|0.0008 _ |0.0003 _ |0.0011 __[0.0011__ [0.0007  [0.0012 _ |0.0003  ]0.0022 __ [0.0000
Zr 30303 |6.6499  |6.5447 _ |9.9644 _ |6.7341 _ [9.8592  [9.9854  [9.7750 _ |14.1357 |3.2303

5.5.2.2 Fuel Temperatures and Moderator Densities

Weighted moderator densities and fuel temperatures are used for all one-node calculations. The
weighted averages are calculated with Equation 13 as was done in Section 5.5.1.3. These
calculations are shown in Attachment III, Worksheet 'C3 Average Values', cells D15 - W15, and
A29 - F42. The results are summarized in Tables 36 and 37.
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Table 36. Average Values of Thermal Hydraulic Parameters for Thermal DBF and One-Node
Comparison Case
DP EFPD f(rgg;’)able 1 EFPD (days) Moderator Density (glcma) Fuel Temperature (K)
4 222.47 222.47 0.4403 1059.0
5 467.48 245.01 0.4351 1073.3
6 180.3 180.3 0.4333 1061.9
7 484.2 303.9 0.4402 1071.3
8 142.2 1422 0.4450 995.0
9 263.7 121.5 0.4506 967.0
10 10.1 10.1 0.4510 910.2
11 112.94 102.84 0.4556 916.7
12 224.4 111.46 0.4580 949.1
13 324.73 100.33 0.4593 970.5
Total EFPD (days) Weighted Average (g/cm®) Waeighted Average (K)
1540.11 0.4435 1026.7
Table 37. Average Values of Thermal Hydraulic Parameters for Waste Stream and SS Clad
Assemblies®
DP EFPD f{g‘r;;'sr)able 1 EFPD (days) Moderator Density (g/cm"):’o Fuel Temperature (K)
4 222.47 222.47 0.4403 916.9
5 467.48 245.01 0.4351 920.3
6 180.3 180.3 0.4333 915.8
7 484.2 303.9 0.4402 918.2
8 142.2 142.2 0.4450 852.8
9 263.7 121.5 0.4506 829.9
10 10.1 10.1 0.4510 786.9
11 112.94 102.84 0.4556 7919
12 224.4 111,46 0.4580 818.2
13 324.73 100.33 0.4593 834.7
Total EFPD (days) Waeighted Average (g/cm®) Weighted Average (K):
1540.11 0.4435 883.1

For the ten-node representation, cycle averaged values are used for the nodal fuel temperatures,
and the moderator density is adjusted through the H,O fraction option in SAS2H. The cycle
average fuel temperatures are determined from Equation 13, except that the formula is applied to
each node, rather than a weighted average over the nodes. These calculations are shown in
Attachment ITI, Worksheet 'C3 Average Values', cells A16 - N27, and are summarized in Table

38.

29. These values are based on the updated fuel temperatures from Ref. 7.19. The calculation is shown in Worksheet



Document Identifier: 000-00C-MGR0-00200-000-00A rage: 42 o1 3%

Table 38. Values of Thermal Hydraulic Parameters for Ten-Node Calculation®

Node Cycle Averaged Fraction of Cycle 1 Moderator Density for DPs 4 - 13

Fuel Temp. (K) 4 5 6 7 8 9 10 11 12 13
1 669.1 1.0 1.0000 [1.0000 |1.0000 |1.0000 |1.0000 [1.0000 |1.0000 }1.0000 _|1.0000
2 970.5 1.0 1.0000 |1.0000 [1.0000 |1.0000 [1.0000 [1.0000 |1.0000 |1.000G {1.0000
3 1084.8 1.0 0.9967 [0.9973 ]0.9950 ]0.9978 [1.0012 [1.0014 {1.0049 }1.0072 |1.0079
4 1116.8 1.0 1.0048 |1.0091 [1.0191 [1.0301 [1.0412 [1.0424 [1.0530 |1.0596 |1.0624
5 1129.2 1.0 1.0112  |1.0061 |1.0309 [1.0476 [1.0643 ]|1.0660 [1.0826 [1.0912 |1.0952
6 1126.8 1.0 1.0046 |0.9918 |1.0255 |1.0438 [1.0628 [1.0646 [1.0822 [1.0907 11.0953
7 1109.2 1.0 0.9847_[0.9704_|1.0063_|1.0248 [1.0470 [1.0488 [1.06556 |1.0736 |1.0781
8 1068.8 1.0 0.9603 |0.9499 [0.9808 0.9983 [1.0235 [1.0252 [1.0410__|1.0487 [1.0531
9 924.4 1.0 0.0348 |0.9289 [0.9500 ]0.9663 [0.9878 ]0.9893 [1.0041 ]1.0126 }1.0178
10 660.9 1.0 0.9218 [0.9183 [0.9329 |0.9484 [0.9680 [0.9696 [0.9834 ]0.9927 [0.9981
Data Point: 4 5 6 7 8 9 10 11 12 13
EFPD (days) 22247 |245.01 [180.3  |303.9 [1422 {1215 10.1 102.84 [111.46  1100.33

5.5.2.3 Assembly Parameters

For each enrichment listed in Table 2, source terms for all burnups listed are calculated (with the
exceptions previously noted). These combinations provide a sampling of the BWR waste stream
for later analysis. Each combination of enrichment and burnup is then decayed with the time
steps shown in Section 5.5.2.4. The average assembly power is determined in Table 39 by
dividing the total MWth of the reactor by the number of assemblies in the core. The relation for
determining the EFPD for the selected fuel burnups is shown by Equation 17:

EFPD * Assembly power (MW [/ assembly)

Burnup (MWd | MTU ) = - - (Eq. 17)
Uranium Loading (MTU / assembly)
Table 39. SAS2H Input for the Assembly Depletion/Decay Parameters
Power = 3.468 MW, IHML = 200 k
Length of Length of
Burnup EFPD Burnup EFPD
N t Cycl

(GWIMTU) |  (days) Neycles La(s‘fagg‘)"e (GWAMTU) | (days) cycles L"‘(fjay;")’ e
0.001 0.057 1 0.057 50 2838.0 15 38.0
0.01 0.568 1 0.568 60 3405.6 18 5.6
0.1 5.676 1 5.676 70 3973.1 20 173.1
1 56.759 1 56.759 75 4256.9 22 56.9
10 567.6 3 167.6
20 1135.2 6 135.2
30 1702.8 ) 102.8
40 2270.4 12 70.4
49 2781.2 14 181.2

Due to the error that can be incurred by using too large of a cycle time, for the one-node
representations of the assemblies, the EFPD days are broken down into steps of 200 days per
cycle or less. Therefore, all cycle lengths are 200 EFPD with the exception of the final cycle,
which is listed in Table 39.

A1 ML Vi i LA il ibn mncnn £onnl bammmaraburas nead fae tha tharmal NRE and the aneonade camnarienn
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For the ten-node representation of the assembly, the EFPD and burnup data for assembly C3 are
used to determine the burn history (Attachment IV, Worksheets 'burnup, pass1' and 'burnup,
pass2', columns G, J, M, P, S, V, Y, AB, AE, and AH, rows 6 - 16). From this data, the power
generated in each node is determined (columns E, H,K,N,Q, T, W, Z, AC, and AF, rows 6 -
16). These powers are then used to calculate the desired burnups (columns F, I, L, O,R, U, X,
AA, AD, and AG, rows 6 - 16). For burnups greater than 30 GWd/MTU, the life of assembly C3
is repeated until the desired burnup is reached (the Worksheet ‘burnup, pass1' is used for the 10 -
30 GWJd/MTU calculations, and Worksheet 'burnup, pass2' is for the higher burnups). The final
results are shown in Tables 40 and 41. Due to the difficulty in changing the fuel temperatures
from cycle to cycle, the cycle averaged values are used, and maintained throughout the
calculations.

Table 40. Ten-Node Burn Histories for 10, 20, and 30 GWd/MTU
DP5 DP 7 DP9
Calculated Burnup Calculated Burnup Calculated Burnup
MW per Node (GWd/MTU) MW per Node (GWJ/MTU) MW per Node (GWd/MTU)

0.0544 2.2921 0.0537 4.44 0.0398 6.86
0.4507 9.7521 0.3926 18.53 0.2638 26.99
0.5377 12.8872 0.4694 24.28 0.3464 34.41
0.7875 12.8988 0.7275 25.37 0.5769 35.97
0.5240 12.3268 0.5160 25.18 0.4016 36.40
0.7982 11.6434 0.8254 24.24 0.6202 36.09
0.7991 10.8825 0.8533 22.64 0.6651 34.86
0.7696 10.0067 0.8177 20.46 0.7220 32.23
0.8060 7.1757 0.8570 14.78 0.7481 - 23.52
0.0601 2.2372 0.0539 4.33 0.0489 6.67

10.0 20.0 30.0
EFPD 140 EFPD : 80 EFPD 15

As previously stated, after one full lifetime, the cycles are repeated until the desired burnup is
reached. For these extra cycles, the power at which the nodes are burned is the same as for the
previous cycles, but the length of the burn is adjusted to reach the desired assembly averaged
burnup. The nodal burnup is shown in the following table along with the EFPD for the
respective cycle.
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Table 41. Ten-Node Burn Histories for 40 - 75 GWd/MTU
DP4 DP5 DP7 DP9 DP 12
Calculated Burnup | Calculated Burnup | Calculated Burnup | Calculated Burnup Calculated Burnup
(GWd/MTU) (GWd/MTU) (GWd/MTU) (GWd/MTU) (GWd/MTU)

39.3034 41.6224 43.74 46.15 47.35

39.9802 49.8067 58.34 66.73 70.56

40.3359 53.1261 64.23 74.35 79.37

40.3536 53.1108 65.35 76.00 81.80

40.2699 52.5368 65.22 76.47 82.74

40.1584 51.8705 64.34 76.19 82.55

40.0447 51.1109 62.77 75.04 81.27

39.9396 50.1933 60.55 72.49 78.37

39.6828 47.0874 54.62 63.48 67.47

39.2808 41.5918 43.63 46.00 47.05

40.0 50.0 60.0 70.0 “|75.0

EFPD=33 EFPD=175 EFPD=110 EFPD=55 |EFPD=65

Table 42 summarizes the remaining information required by SAS2H.

Table 42. SAS2H Assembly Input
Value Used for Thermal Value used for Waste
Variable Name DBF and One-Node Velue l?;::;:;{in'NOde Stream and SS Clad
Comparison Case ! Calculations
Npin/assm 60 60 60
Fueingth 368.91 Node height 427112 _
Ncycles 1 cycle 10 cycles 1 cycle
Nlib/cyc 16 libraries per cycle 3 libraries per cycle 16 libraries per cycle
Lightel 17 17 33
Printlevel 5 5 5
Inplevel 2 2 2
Asmpitch 15.24 cm 15.24 cm 15.24 cm
Numxtotal 6 6 6
Mxrepeats 1 1 1
Mixmod 3 3 3
[ Facmesh 1.0 1.0 1.0

5.5.2.4 Time Steps for ORIGEN-S Decay Calculations

The ten-node representation is decayed to the following times: 5, 6,7, 8,9, 10, 11, 15, and 20
years after discharge.> Table 43 lists the time steps used for the thermal DBF cases. The time

steps chosen are based on the time the assembly is expected to reach a total thermal output of 400

watts, or the time when the assembly can be loaded into the waste package and are shown in

Table 43.

32. Due to the results of the density comparison in Ref. 7.4 of this calculation, the fuel length is increased rather
then the fuel density to account for an increased IHML. The calculation is performed in Attachment I, Worksheet

'length calculation'.

~n

~. . PR

e 1.3 4L ADYOTNT © nnnn Fav tha tam anda cancanantatian bt ara nnncahle dne ta




Document Identifier: 000-00C-MGR0-00200-000-00A Page: 45 of 58

Table 43. Time Steps Used for Decay Calculation of Thermal DBF (years)
1 day I5 Ie I7 8 E] [10 J11
11.01 11.02 11.03 11.04 11.05 11.06 11.07 11.08 11.09 1.1
11.15 11.2 11.25 11.3 11.35 11.4 11.45 1.5 11.55 11.6
11.65 11.7 11.75 11.8 11.85 11.9 11.95 12 125 13
135 14 14.5 15 15.5 16 16.5 17 17.5 18
18.5 19 19.5 20 20.5 21 26 31 36 41
46 51 56 61 66 71 76 81 86 91
96 101 106 111 161 211 261 311 361 411
461 511 561 611 661 711 761 811 861 CIE
961 1011 1511 2011 2511 3011 3511 4011 4511 5011
5511 6011 6511 [7011 7511 8011 8511 9011 9511 10011
15011 20011 25011 30011 35011 40011 45011 50011 55011 60011
65011 70011 75011 80011 85011 90011 95011 100011 150011 200011
250011 300011 350011 400011 450011 500011 550011 600011 650011 700011
750011 J8o0011 J850011 900011 [o50011 [1000011

For the waste stream and SS clad assembly calculations, the determination of the assembly
loading time is left for subsequent analysis. In order to provide adequate data for future use, 180
time steps are used in the ORIGEN-S input files. These time steps are shown in Table 44.

Table 44. Time Steps Used for Decay Calculation of Waste Stream and SS Clad Assemblies
(years)
1 2 3 4 5 6 7 8 9 10
1 12 13 14 15 16 17 18 19 20
21 22 23 24 25 26 27 28 29 30
31 32 33 34 35 36 37 38 39 40
41 42 43 44 45 46 47 48 49 50
51 52 53 54 55 56 57 58 59 60
61 62 63 64 65 66 67 68 69 70
71 72 73 74 75 76 77 78 79 80
81 82 83 84 85 86 87 88 89 90
91 92 93 94 95 96 97 98 99 100
110 120 130 1140 150 160 170 180 190 200
250 300 350 400 450 500 550 600 650 700
750 800 850 900 950 1000 1500 2000 2500 3000
3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
8500 9000 9500 1.00E+04 |1.50E+04 |2.00E+04 |2.50E+04 |3.00E+04 [3.50E+04 [4.00E+04
450E+04 |5.00E+04 |550E+04 |6.00E+04 |6.50E+04 [7.00E+04 |7.50E+04 |B.00E+04 [8.50E+04 |9.00E+04
0.50E+04 |1.00E+05 |1.50E+05 |2.00E+05 |2.50E+05 |3.00E+05 |3.50E+05 |4.00E+05 [4.50E+05 |5.00E+05
5.50E+05 |6.00E+05 |6.50E+05 |7.00E+05 |7.50E+05 |B.OOE+05 |8.50E+05 [9.00E+05 |9.50E+05 |1.00E+06

5.5.3 Radionuclide Inventories for Performance Assessment

Several separate SAS2H/ORIGEN-S cases are provided in this calculation to determine average
and bounding radionuclide inventories for specific years. The average and bounding BWR
assemblies are derived from the results of Ref. 7.24 and listed below. The characteristics of the
average BWR assembly are estimated based on the average BWR assembly of Case A with full
inventory (83,800 MTU) in Table 5 of Ref. 7.24. For that case, the characteristics of the average
BWR assembly are 3.02 wt%, 33.6 GWd/MTU, and 25.3 years old with an initial uranium
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indicates that per initial MTU loading the average BWR assembly selected in this calculation is
more conservative than any average BWR assembly for the scenarios in Table 5 of Ref. 7.24 (see
Attachment XIV). The characteristics of the bounding BWR assembly are also derived from Ref.
7.24 (Attachment III, bin.dat files). From those files the following bounding BWR SNF
characteristics are noted: initial uranium loading of 197 kg, burnup of 65.55 GWd/MTU, initial
uranium enrichment of 4.28 wt%, and cooling time of 5 years. It should be noted that there is no
single assembly in the waste stream with these combined characteristics. Rather, these are the
bounding characteristics of each parameter in the entire waste stream. Compared to these SNF
characteristics, the bounding BWR assembly selected here is more conservative. The
characteristics of the average and bounding BWR SNF assemblies for this calculation are:

Average BWR assembly: 3.5%, 40 GWd/MTU, 25 years old
Maximum BWR assembly: 5.0%, 75 GWJd/MTU, 5 years old

The source terms for these assemblies are generated for the years 2033, 2133, 2233, 2333, 2433,
2533, 3033, 4033, 5033, 12,033, 22,033, 32,030, 102,033, 302,033, and 1,002,033. The age
mentioned above is the age at 2033. The light elements from the hardware regions are included
in the fuel region, as it is not necessary to keep the assembly region separate to determine overall
radionuclide inventories. The *.cut files for these cases are included in the CDs of Attachment
VIL. The radionuclide inventories are provided in Attachment XTII.

5.5.4 Calculation of Crud Source Terms

The activity of the crud on the surface of the BWR assemblies at time zero is determined simply
by multiplying the calculated surface area by the corrosion product activity (given in per unit area
of surface). The surface area is calculated in Attachment VI, and is shown in Table 45.

Table 45. BWR Surface Area for Crud Calculation
Value Units

Rod OD 1.07696 cm
WR OD (rod pitch) 1.45288
# of Rods 79 (2 WRs)
Rod Length 416.1536 cm
Channel ID 13.4112 cm
Channel OD 13.8176
Channel Length 447.548 cm
WR outside area + inside area (estimated from rod pitch) 8171.07563
rod pitch* Pl * 4; WR ID and OD conservatively approximated as fuel rod pitch
(Data from ANF 9x9 JP-4,5 assembly)
BWR Assembly Surf. Area [168147.97 lem*
(Rod surface + channel inner surface + WR's inside and outside surfaces)

The crud activity is then decayed using Equation 18.
—t*In 2

N (t) = N (0)e " (Eq. 18)

where t, is the half-life and t is the decay time in years. The crud source terms are calculated in
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6 RESULTS

This section presents the results of this calculation. The outputs of this calculation are reasonable
compared to the inputs, and the results are suitable for the intended use. The uncertainties are
taken into account by consistently using the most conservative approach; the calculations,
therefore, yield a conservatively bounding set of results. Results of the parameter study are
presented in Section 5.5.1.5. More information on these results is available in Attachment V.

6.1 AXIAL PEAKING FACTOR

One task of this calculation is to examine an APF to be used in future shielding calculations. The
axial effects can be of great concern, for the reasons mentioned in Section 5.5.1.5. Figure 6
shows a plot of APF versus burnup for the measured data from Ref. 7.13, pp. 290-544. Since the
nodal burnup data from pp. 290-544 of Ref. 7.19 (a revision of Ref. 7.13) are essentially identical
to the data from Ref. 7.13 (differing generally only in the 5" significant digit), APF versus
burnup data based on Ref. 7.19 would be identical for design purposes to that in Figure 6.
Therefore, the conclusions about APFs are still valid.

1.45
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Figure 6.  Axial Peaking Factor versus Assembly Average Burnup

This graph (generated in Attachment III, worksheet 'APF.vs.Burnup’) indicates the maximum
value of the nodal burnup divided by the average assembly burnup. The purpose of using an
APF in shielding calculations is to obtain a peak surface dose without having to model many
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this, the source used must encompass all the peak sources in the problem. When the one-node
source is multiplied by the APF and smeared over the problem volume, it should still bound the
smaller sources in the multi-node description of the problem.

The main purpose of the APF calculation is to demonstrate that a one-node model of a BWR can
be used to generate source terms such that when used with an APF it will provide conservative or
comparable results with a more detailed ten-node representation of the assembly. In order to
compare the one- and ten-node representations of the assembly, total neutron and gamma sources
from both are specified on a particle per second per unit height basis. The one-node value is
multiplied by the APF, and the difference between the increased one node value and the
maximum ten-node value is then divided by the one node value. These comparisons can be seen
in Attachments VIII and IX in their entirety. The APF used in this comparison is 1.4 and is based
on Figure 6. The results favor the one-node representation for the gamma sources, for decay
times greater than five years (and are within a few percent for the five year decay time), but
indicate that the ten-node model used in this calculation is more conservative for the total
neutron source. Attachment IX shows the comparison of the neutron sources. It is apparent from
these results that a larger APF should be considered for any analysis where the neutron dose is
expected to dominate. The calculations in Attachment IX indicate that an APF of 2.0 would have
been sufficient to favor the one-node representation for neutron sources.

6.2 INITIAL HEAVY METAL LOADING

The results of using different IHMLs are shown below for the thermal DBF. The data shown are
for a normalized source on a per MTU basis. The calculations that generate Figures 7 and 8 are
shown in Attachment X.
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6.3 EFFECTS OF FUEL IMPURITIES

Source terms for one of the cases (waste stream assembly with 3.74 wt% 25 initial enrichment)
are generated with and without impurities (see Table 13) in the fuel. Negligible differences in
radiation spectra and thermal powers are observed. However, the results for 3Cl1 and '*C are
summarized in this section. Attention is given to 36C1 and *C, long-lived radionuclides with
half-lives of 3.01E+05 and 5,715 years (Ref. 7.23), respectively, because of their very high
solubility-limit in aqueous concentrations (Ref. 7.25, p. 6 - 7). 36C1 and 1C activities at
discharge as a function of burnup are presented in Table 46 and are plotted in Figure 9. *Cl and
14C activities vary with initial fuel enrichment, fuel burnup, and impurity content. For a given
fuel enrichment and impurity content, the activities of these two radionuclides increase with fuel -
burnup. For a given burnup and impurity content, the activities decrease with increasing fuel
enrichment. Bounding **Cl and 'C activities of 1.09E-02 and 6.62E-01 Ci/assembly,
respectively, are obtained for an assembly with natural uranium and 75 GWd/MTU burnup at
discharge.

Table 46. %G] and ™C Activities for the Waste Stream Assembly with 3.74 wt% 2**U Enrichment
Bumup (GWd/MTU) 38C| (C/assembly) %C (Ci/ppm/assembly) 4C (Ci/assembly) G (CiU/ppm/assembly)
1 6.61E-05 1.25E-05 3.03E-03 3.39E-05
10 6.74E-04 1.27E-04 3.11E-02 3.48E-04
20 1.44E-03 2.72E-04 6.70E-02 7.49E-04
30 2.33E-03 4.40E-04 1.11E-01 1.24E-03
40 3.38E-03 6.38E-04 1.64E-01 1.83E-03
50 4.57E-03 8.62E-04 2.28E-01 2.55E-03
60 5.82E-03 1.10E-03 3.00E-01 3.36E-03
70 7.03E-03 1.33E-03 3.76E-01 4.21E-03
75 7.62E-03 1.44E-03 4.14E-01 4.63E-03
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6.4 CRUD SOURCES

The results of the crud source calculations are shown in Table 47. The NRC values are
recommended.

6.5 WASTE STREAM AND SS CLAD SOURCE TERMS

Due to the large amount of information generated by this calculation, the results are provided as
electronic files on three compact discs (CDs) (Attachment VII). These results are identical to the
output files of the previous revision of this calculation (Ref. 7.30).
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6.6 USE OF SOURCE TERMS

During the revision and checking of this calculation, it was discovered that the actual values of
burnup, based on the input for the SAS2H/ORIGEN-S runs, were about 1.7% less than the
nominal values of burnup stated in Table 2. The SAS2H/ORIGEN-S runs are valid, but the
source term information (e.g., radionuclide masses and activities; decay heat generation rates;
and neutron and gamma sources) contained in the “*.cut’ files on the compact discs of Appendix
VII should be taken to correspond to the actual burnups from the SAS2H/ORIGEN-S cases,
rather than the stated, or nominal, burnups. To use the source term information, determine the
stated, or nominal, burnup from the first part of the ‘*.cut’ file name as explained in Attachment
XII. Then, associate the information from that “*.cut’ file with the actual burnup in Table 48
before using the source term information. '

Table 48. Stated and Actual Values of Burnup Associated with *.cut’ Files
Burnup (GWd/MTU)
Stated Actual
0.001 0.0009876
0.01 0.009841
0.1 0.09834
1 0.9834
10 9.834
20 19.67
30 29.50
40 39.34
50 49.17
60 59.00
70 68.84
75 73.75

Source term information from the “*.cut’ and “*.output’ files of the SAS2H/ORIGEN-S runs in
the folders “Impurity_study,” “parameter_study_output,” “ten_node_output,” and
“THERMAL_DBF_output”on compact disc one of Attachment VII should not be used for
assemblies expected to be received at a potential repository. Those cases were run solely to form
the basis for deciding what kinds of cases to be run for BWR assemblies in an expected waste
stream. Furthermore, the ‘*.cut’ files in folder “ten_node_output” and the ‘*.output’ files in
folder “parameter_study_output” on compact disc one of Attachment VII cannot be considered
product output in accordance with AP-3.15Q, Managing Technical Product Inputs (Ref. 7.33),
since some information (Table 8 and Table 17) for those runs was taken from Ref. 7.13, pp. 333-
334, and Ref. 7.17, pp. 50-55, which are “reference only.” Therefore, the information in the
“_cut’ files of folder “ten node output” and the ‘*.output’ files of folder
“parameter_study_output” on compact disc one of Attachment VII should not be used for any

other calculations or analyses.
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8 ATTACHMENTS

The hardcopy attachments are listed in Table 49. Attachment VIl is a CD containing output files,
“ cut” files, and script files. The contents of Attachment VII are listed in Attachment XII.

Table 49. Attachments Supporting Documentation of Source Term Generation and Evaluation

. No. of

Description Attachment Number Pages
W1% calculations for fuel ) 16
Light element mass calculations | 14
Operating conditions 1] 11
Burnup history calculation [\ 10
Parameter study results \' 10
Crud source term calculations Vi 3
Electronic copies of files, including ‘*.cut” files and script files Vil 3CDs . I
10-node gamma source vs. 1-node gamma source calculations Vil 10
10-node neutron source vs. 1-node neutron source calculations IX 12
Initial heavy metal loading comparison calculations, an;ss Cland ' C fuel impurity graph | X 6
Script files X 1
SAS2H/ORIGEN-S *.cut files and output files Xii 16
Radionuclide inventories for Performance Assessment Xill 10
Comparison of Source Terms per MTU of 4 Average BWR SNF Assemblies XV 1
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